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EPITAXIAL OXIDE MATERIALS,
STRUCTURES, AND DEVICES

RELATED APPLICATIONS

This application is a continuation of International Appli-
cation No. PCT/IB2021/060413 filed on Nov. 10, 2021, and
entitled “Metal Oxide Semiconductor-Based Light Emitting
Device”; which is related to U.S. patent application Ser. No.
16/990,349, filed on Aug. 11, 2020, and entitled “Metal
Oxide Semiconductor-Based Light Emitting Device™; to
International Application No. PCT/IB2021/060414 filed on
Nov. 10, 2021, entitled “Ultrawide Bandgap Semiconductor
Devices Including Magnesium Germanium Oxides”; and to
International Application No. PCT/IB2021/060466 filed on
Nov. 11, 2021, entitled “Epitaxial Oxide Materials, Struc-
tures and Devices”™; all of which are hereby incorporated by
reference for all purposes.

This application is also related to U.S. application Ser.
No. 17/653,824, filed on Mar. 7, 2022, entitled “Epitaxial
Oxide Materials, Structures, and Devices”; and to U.S.
application Ser. No. 17/653,832, filed on Mar. 7, 2022,
entitled “Epitaxial Oxide Materials, Structures, and
Devices™; both of which are hereby incorporated by refer-
ence for all purposes.

The following publications are referred to in the present
application and their contents are hereby incorporated by
reference in their entirety:

U.S. Pat. No. 9,412,911 titled “OPTICAL TUNING OF
LIGHT EMITTING SEMICONDUCTOR JUNC-
TIONS”, issued 9 Aug. 2016, and assigned to the
applicant of the present application;

U.S. Pat. No. 9,691,938 titled “ADVANCED ELEC-
TRONIC DEVICE STRUCTURES USING SEMI-
CONDUCTOR STRUCTURES AND SUPERLAT-
TICES”, issued 27 Jun. 2017, and assigned to the
applicant of the present application;

U.S. Pat. No. 10,475,956 titled “OPTOELECTRONIC
DEVICE”, issued 12 Nov. 2019, and assigned to the
applicant of the present application; and

The contents of each of the above publications are
expressly incorporated by reference in their entirety.

BACKGROUND

Electronic and optoelectronic devices such as diodes,
transistors, photodetectors, LEDs and lasers can use epi-
taxial semiconductor structures to control the transport of
free carriers, detect light, or generate light. Wide bandgap
semiconductor materials, such as those with bandgaps above
about 4 eV, are useful in some applications such as high
power devices, and optoelectronic devices that detect or emit
light in ultraviolet (UV) wavelengths.

For example, UV light emitting devices (UVLEDs) have
many applications in medicine, medical diagnostics, water
purification, food processing, sterilization, aseptic packag-
ing and deep submicron lithographic processing. Emerging
applications in bio-sensing, communications, pharmaceuti-
cal process industry and materials manufacturing are also
enabled by delivering extremely short wavelength optical
sources in a compact and lightweight package having high
electrical conversion efficiency such as a UVLED. Electro-
optical conversion of electrical energy into discrete optical
wavelengths with extremely high efficiency has generally
been achieved using a semiconductor having the required
properties to achieve the spatial recombination of charge
carriers of electrons and holes to emit light of the required
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wavelength. In the case where UV light is required,
UVLEDs have been developed using almost exclusively
Gallium-Indium-Aluminum-Nitride (GalnAIN) composi-
tions forming wurtzite-type crystal structures.

In another example, high power RF switches are used to
separate transmitted and received signals in a transceiver of
a wireless communication system. A requirement of transis-
tor devices making up such RF switches are the ability to
handle high voltages without being damaged. Typical RF
switches use transistor devices employing low bandgap
semiconductors (e.g., Si or GaAs) with relatively low break-
down voltages (e.g., below about 3 V), and therefore many
transistor devices are connected in series to withstand the
required voltages. Wider bandgap semiconductors (e.g.,
GaN) with higher breakdown voltages have been used to
improve the maximum voltage limit of RF switches using
fewer transistor devices connected in series.

SUMMARY

In some embodiments, a semiconductor structure includes
an epitaxial oxide material. In some embodiments, a semi-
conductor structure includes one or more superlattices com-
prising epitaxial oxide materials. In some embodiments, a
semiconductor structure includes one or more doped super-
lattices comprising host layers and impurity layers, wherein
the host layers comprise an epitaxial oxide material. In some
embodiments, a semiconductor structure includes one or
more graded layers or regions comprising epitaxial oxide
materials. In some embodiments, a semiconductor structure
includes one or more chirp layers comprising epitaxial oxide
materials. In some embodiments, a semiconductor structure
includes one or more chirp layers comprising epitaxial oxide
materials, wherein the chirp layers are adjacent to a metal
layer. In some embodiments, the semiconductor structures
comprise (AlxGa,_,),0, where x is from 0 to 1, y is from 1
to 3, and z is form 2 to 4, for example, with a space group
that is R3¢ (i.e., ), pna2l (i.e., k), C2m (i.e., p), Fd3m (i.e.,
v), and/or 1a3 (i.e., d).

The semiconductor structures described herein can be a
portion of a semiconductor device, such as an optoelectronic
device with emission or detection wavelengths including
those in the ultraviolet and deep-ultraviolet, a light emitting
diode, a laser diode, a photodetector, a solar cell, a high-
power diode, a high-power transistor, a transducer, or a high
electron mobility transistor.

In some embodiments, a semiconductor structure
includes: a first region comprising a first epitaxial oxide
material; a second region comprising a second epitaxial
oxide material; and a chirp layer located between the first
and the second regions. The chirp layer can include alter-
nating layers of a plurality of wide bandgap epitaxial oxide
material layers (WBG layers) and a plurality of narrow
bandgap epitaxial oxide material layers (NBG layers),
wherein thicknesses of the NBG layers and the WBG layers
change throughout the chirp layer. The WBG layers can
comprise (Al,,Ga,_,,),,0,,, wherein x1 is from 0 to 1,
wherein y1 is from 1 to 3, and wherein z1 is from 2 to 4. The
NBG layers can comprise (Al,,Ga,, ,),,0,,, wherein x2 is
from O to 1, wherein y2 is from 1 to 3, and wherein 72 is
from 2 to 4, and wherein x1 and x2 have values that are
different from one another by an amount from 0.1 to 1.

In some embodiments, a semiconductor structure
includes: a first region comprising a first epitaxial oxide
layer; a second region comprising a fifth epitaxial oxide
layer; and a chirp layer between the first region and the
second region. The chirp layer can include: a plurality of
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third epitaxial oxide layers comprising (Al,;Ga,_,3),50,5,
wherein x3 is from O to 1, y3 is from 1 to 3, and 73 is from
2 to 4; and a plurality of fourth epitaxial oxide layers
comprising (Al,,Ga, _4),40,,4, wherein x4 is from 0 to 1, y4
is from 1 to 3, and z4 is from 2 to 4.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present disclosure will be discussed
with reference to the accompanying figures.

FIG. 1 is process flow diagram for constructing a metal
oxide semiconductor-based LED in accordance with an
illustrative embodiment of the present disclosure.

FIGS. 2A and 2B depict schematically two classes of LED
devices based on vertical and waveguide optical confine-
ment and emission disposed upon a substrate in accordance
with illustrative embodiments of the present disclosure.

FIGS. 3A-3E are schematic diagrams of different LED
device configurations in accordance with illustrative
embodiments of the present disclosure comprising a plural-
ity of regions.

FIG. 4 depicts schematically the injection of oppositely
charged carriers from physically separated regions into a
recombination region in accordance with an illustrative
embodiment of the present disclosure.

FIG. 5 shows the optical emission directions possible
from the emission region of an LED in accordance with an
illustrative embodiment of the present disclosure.

FIG. 6 depicts an aperture through an opaque region to
enable light emission from an LED in accordance with an
illustrative embodiment of the present disclosure.

FIG. 7 shows example selection criteria to construct a
metal oxide semiconductor structure in accordance with an
illustrative embodiment of the present disclosure.

FIG. 8 is an example process flow diagram for selecting
and depositing epitaxially a metal oxide structure in accor-
dance with an illustrative embodiment of the present dis-
closure.

FIG. 9 is a summary of technologically relevant semi-
conductor bandgaps as a function of electron affinity, show-
ing relative band lineups.

FIG. 10 is an example schematic process flow for depos-
iting a plurality of layers for forming a plurality of regions
comprising an LED in accordance with an illustrative
embodiment of the present disclosure.

FIG. 11 is a ternary alloy optical bandgap tuning curve for
metal oxide semiconductor ternary compositions based on
Gallium-Oxide in accordance with illustrative embodiments
of the present disclosure.

FIG. 12 is a ternary alloy optical bandgap tuning curve for
metal oxide semiconductor ternary compositions based on
Aluminum-Oxide in accordance with illustrative embodi-
ments of the present disclosure.

FIGS. 13A and 13B are electron energy-vs.-crystal
momentum representations of metal oxide based optoelec-
tronic semiconductors showing a direct bandgap (FIG. 13A)
and indirect bandgap (FIG. 13B) in accordance with illus-
trative embodiments of the present disclosure.

FIGS. 13C-13E are electron energy-vs.-crystal momen-
tum representations showing allowed optical emission and
absorption transitions at k=0 with respect to the axes of
Ga,O; monoclinic crystal symmetry in accordance with an
illustrative embodiment of the present disclosure.

FIGS. 14A and 14B depict sequential deposition of a
plurality of heterogenous metal oxide semiconductor layers
having dissimilar crystal symmetry types to embed an
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optical emission region in accordance with an illustrative
embodiment of the present disclosure.

FIG. 15 is a schematic representation of an atomic depo-
sition tool for the creation of multi-layered metal oxide
semiconductor films comprising a plurality of material com-
positions in accordance with illustrative embodiments of the
present disclosure.

FIG. 16 is a representation of sequential deposition of
layers and regions having similar crystal symmetry types
matching the substrate in accordance with an illustrative
embodiment of the present disclosure.

FIG. 17 depicts sequential deposition of regions having a
different crystal symmetry to an underlying first surface of
a substrate where a surface modification to the substrate is
shown in accordance with an illustrative embodiment of the
present disclosure.

FIG. 18 depicts a buffer layer deposited with the same
crystal symmetry as an underlying substrate to enable sub-
sequent hetero-symmetry deposition of oxide materials in
accordance with an illustrative embodiment of the present
disclosure.

FIG. 19 depicts a structure comprising a plurality of
hetero-symmetrical regions sequentially deposited as a func-
tion of the growth direction in accordance with an illustra-
tive embodiment of the present disclosure.

FIG. 20A shows a crystal symmetry transition region
linking two deposited crystal symmetry types in accordance
with an illustrative embodiment of the present disclosure.

FIG. 20B shows the variation in a particular crystal
surface energy as a function of crystal surface orientation for
the cases of corundum-Sapphire and monoclinic Gallia
single crystal oxide materials in accordance with an illus-
trative embodiment of the present disclosure.

FIGS. 21A-21C depict schematically the change in elec-
tronic energy configuration or band structure of a metal
oxide semiconductor under the influence of bi-axial strain
applied to the crystal unit cell in accordance with an illus-
trative embodiment of the present disclosure.

FIGS. 22A and 22B depict schematically the change in
band structure of a metal oxide semiconductor under the
influence of uniaxial strain applied to the crystal unit cell in
accordance with an illustrative embodiment of the present
disclosure.

FIGS. 23A-23C show the effect on the band structure of
monoclinic gallium-oxide as a function of applied uniaxial
strain to the crystal unit cell in accordance with an illustra-
tive embodiment of the present disclosure.

FIGS. 24A and 24B depict the E-k electronic configura-
tion of two dissimilar binary metal oxides in accordance
with an illustrative embodiment of the present disclosure:
one having a wide direct-bandgap material and the other a
narrow indirect-bandgap material.

FIGS. 25A-25C show the effect of valence band mixing
of two binary dissimilar metal oxide materials that together
form a ternary metal oxide alloy in accordance with an
illustrative embodiment of the present disclosure.

FIG. 26 depicts schematically a portion of the energy-vs-
crystal momentum of dominant valence bands sourced from
two bulk-like metal oxide semiconductor materials up to the
first Brillouin zone in accordance with an illustrative
embodiment of the present disclosure.

FIGS. 27A-27B show an effect of a superlattice (SL) in
one dimension on the E-k configuration for a layered struc-
ture having a superlattice period equal to approximately
twice the bulk lattice constant of the host metal oxide
semiconductors, depicting the creation of a superlattice
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Brillouin-zone that opens an artificial bandgap at a zone
center in accordance with an illustrative embodiment of the
present disclosure.

FIG. 27C shows a bi-layered binary superlattice compris-
ing a plurality of thin epitaxial layers of Al,O; and Ga,O,
repeating with a fixed unit cell period where the digital alloy
simulates an equivalent ternary Al Ga, O, bulk alloy
depending on the constituent layer thickness ratio of the
superlattice period in accordance with an illustrative
embodiment of the present disclosure.

FIG. 27D shows another bi-layered binary superlattice
comprising a plurality of thin epitaxial layers of NiO and
Ga,0; repeating with a fixed unit cell period where the
digital alloy simulates an equivalent ternary (NiO),
(Ga,0;),_, bulk alloy depending on the constituent layer
thickness ratio of the superlattice period in accordance with
an illustrative embodiment of the present disclosure.

FIG. 27E shows yet another triple material binary super-
lattice comprising a plurality of thin epitaxial layers of MgO,
NiO repeating with a fixed unit cell period where the digital
alloy simulates an equivalent ternary bulk alloy (NiO),
(MgO), _,. depending on the constituent layer thickness ratio
of the superlattice period and where the binary metal oxides
used for the repeating unit are each selected to vary from
between 1 to 10 unit cells in thickness respectively to
together comprise the unit cell of the SL in accordance with
an illustrative embodiment of the present disclosure.

FIG. 27F shows yet another possible four-material binary
superlattice comprising plurality of thin epitaxial layers of
MgO, NiO and Ga,O; repeating with a fixed unit cell period
where the digital alloy simulates an equivalent quaternary
bulk alloy (Ni0),(Ga,0;),(Mg0O), depending on the con-
stituent layer thickness ratio of the superlattice period where
the binary metal oxides used for the repeating unit are each
selected to vary from between 1 to 10 unit cells in thickness
respectively to comprise the unit cell of the SL in accordance
with an illustrative embodiment of the present disclosure.

FIG. 28 shows a chart of ternary metal oxide combina-
tions that may be adopted in accordance with various
illustrative embodiments of the present disclosure in the
forming of optoelectronic devices.

FIG. 29 is an example design flow diagram for tuning and
constructing optoelectronic functionality of LED regions in
accordance with an illustrative embodiment of the present
disclosure.

FIG. 30 shows a heterojunction band lineup for the binary
Al,O,, ternary alloy (Al,Ga)O; and binary Ga,O; semicon-
ducting oxides in accordance with an illustrative embodi-
ment of the present disclosure.

FIG. 31 shows a 3-dimensional crystal unit cell of corun-
dum symmetry crystal structure (alpha-phase) Al,O; used to
calculate the E-k band structure in accordance with an
illustrative embodiment of the present disclosure.

FIGS. 32A and 32B show a calculated energy-momentum
configuration of alpha-Al,Oj; in the vicinity of the Brillouin
zone center in accordance with an illustrative embodiment
of the present disclosure.

FIG. 33 shows a 3-dimensional crystal unit cell of a
monoclinic symmetry crystal structure Al,O; used to calcu-
late the E-k band structure in accordance with an illustrative
embodiment of the present disclosure.

FIGS. 34A and 34B show calculated energy-momentum
configurations of theta-Al,O; in the vicinity of the Brillouin
zone center in accordance with an illustrative embodiment
of the present disclosure.

FIG. 35 shows a 3-dimensional crystal unit cell of a
corundum symmetry crystal structure (alpha-phase) Ga,O;
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used to calculate the E-k band structure in accordance with
an illustrative embodiment of the present disclosure.

FIGS. 36A and 36B show calculated energy-momentum
configurations of corundum alpha-Ga,Oj; in the vicinity of
the Brillouin zone center in accordance with an illustrative
embodiment of the present disclosure.

FIG. 37 shows a 3-dimensional crystal unit cell of a
monoclinic symmetry crystal structure (beta-phase) Ga,Oj,
used to calculate the E-k band structure in accordance with
an illustrative embodiment of the present disclosure.

FIGS. 38A and 38B show calculated energy-momentum
configurations of beta-Ga,O; in the vicinity of the Brillouin
zone center in accordance with an illustrative embodiment
of the present disclosure.

FIG. 39 shows a 3-dimensional crystal unit cell of an
orthorhombic symmetry crystal structure of bulk ternary
alloy of (Al, Ga)O; used to calculate the E-k band structure
in accordance with an illustrative embodiment of the present
disclosure.

FIG. 40 shows a calculated energy-momentum configu-
ration of (Al, Ga)O; in the vicinity of the Brillouin zone
center showing a direct bandgap in accordance with an
illustrative embodiment of the present disclosure.

FIG. 41 is a process flow diagram for forming an opto-
electronic semiconductor device in accordance with an
illustrative embodiment of the present disclosure.

FIG. 42 depicts a cross-sectional portion of a (Al,Ga)O,
ternary structure formed by sequentially depositing Al—
O—Ga—0— ... —0O—Al epilayers along a growth direc-
tion in accordance with an illustrative embodiment of the
present disclosure.

FIG. 43A shows in TABLE 1 a selection of substrate
crystals for depositing metal oxide structures in accordance
with various illustrative embodiments of the present disclo-
sure.

FIG. 43B shows in TABLE II unit cell parameters of a
selection of metal oxides in accordance with various illus-
trative embodiments of the present disclosure, showing
lattice constant mismatches between Al,O; and Ga,O;.

FIG. 44A depicts a calculated formation energy of Alu-
minum-Gallium-Oxide ternary alloy as a function of com-
position and crystal symmetry in accordance with an illus-
trative embodiment of the present disclosure.

FIG. 44B shows an experimental high-resolution x-ray
diffraction (HRXRD) of two example distinct compositions
of high-quality single crystal ternary (Al Ga,_,),0; depos-
ited epitaxially on a bulk (010)-oriented Ga,O; substrate in
accordance with an illustrative embodiment of the present
disclosure.

FIG. 44C shows an experimental HRXRD and x-ray
grazing incidence reflection (GIXR) of an example super-
lattice comprising repeating unit cells of bilayers selected
from a [(AlGa,_,),05/Ga,0O;] eclastically strained to a
B-Ga,0,(010)-oriented substrate in accordance with an
illustrative embodiment of the present disclosure.

FIG. 44D shows an experimental HRXRD and GIXR of
two example distinct compositions of high-quality single
crystal ternary (Al Ga, _,),0; layers deposited epitaxially on
a bulk (001)-oriented Ga,O; substrate in accordance with an
illustrative embodiment of the present disclosure.

FIG. 44E shows an experimental HRXRD and GIXR of
a superlattice comprising repeating unit cells of bilayers
selected from a [(Al Ga,_,),0;/Ga,0,] elastically strained
to a -Ga,0;(001)-oriented substrate in accordance with an
illustrative embodiment of the present disclosure.

FIG. 44F shows an experimental HRXRD and GIXR of a
cubic crystal symmetry binary Nickel Oxide (NiO) epilayer
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elastically strained to a monoclinic crystal symmetry
B-Ga,0,(001)-oriented substrate in accordance with an
illustrative embodiment of the present disclosure.

FIG. 44G shows an experimental HRXRD and GIXR of
a monoclinic crystal symmetry Ga,0;(100)-oriented epil-
ayer elastically strained to a cubic crystal symmetry MgO
(100)-oriented substrate in accordance with an illustrative
embodiment of the present disclosure.

FIG. 44H shows an experimental HRXRD and GIXR of
a superlattice comprising repeating unit cells of bilayers
selected from a [(Al Er,_,),05/Al,0;] elastically strained to
a corundum crystal symmetry a-Al,05(001)-oriented sub-
strate in accordance with an illustrative embodiment of the
present disclosure.

FIG. 441 shows a strain-free energy-crystal momentum
(E-k) dispersion in the vicinity of the Brillouin-zone center
for the case of a ternary Aluminum-Erbium-Oxide
(ALEr, ),0; illustrating the direct bandgap at I'(k=0) in
accordance with an illustrative embodiment of the present
disclosure.

FIG. 44] shows an experimental HRXRD and GIXR of a
superlattice comprising bilayered unit cells of a monoclinic
crystal symmetry Ga,0;(100)-oriented film coupled to a
cubic (spinel) crystal symmetry ternary composition of
Magnesium-Gallium-Oxide, Mg, Ga,_,O;_,, where the
SL is epitaxially deposited upon a monoclinic Ga,05(010)-
oriented substrate in accordance with an illustrative embodi-
ment of the present disclosure.

FIG. 44K shows a strain-free energy-crystal momentum
(E-k) dispersion in the vicinity of the Brillouin-zone center
for the case of ternary Magnesium-Gallium-Oxide
Mg, Ga,(,_,,O;5_,, illustrating the direct bandgap at I'(k=0)
in accordance with an illustrative embodiment of the present
disclosure.

FIG. 441 shows an experimental HRXRD and GIXR of
an orthorhombic Ga,O; epilayer elastically strained to a
cubic crystal symmetry Magnesium-Aluminum-Oxide
MgAl,0,(100)-oriented substrate in accordance with an
illustrative embodiment of the present disclosure.

FIG. 44M shows an experimental HRXRD of a ternary
Zinc-Gallium-Oxide ZnGa,O, epilayer elastically strained
to a wurtzite Zinc-Oxide ZnO layer deposited upon a
monoclinic crystal symmetry Gallium-Oxide (-201)-ori-
ented substrate in accordance with an illustrative embodi-
ment of the present disclosure.

FIG. 44N shows an energy-crystal momentum (E-k) dis-
persion in the vicinity of the Brillouin-zone center for the
case of ternary cubic Zinc-Gallium-Oxide Zn,Ga,(, _,,O;5_5,,
where x=0.5 illustrating the indirect bandgap at I'(k=0) in
accordance with an illustrative embodiment of the present
disclosure.

FIG. 440 shows an epitaxial layer stack deposited along
a growth direction for the case of an orthorhombic Ga,O;
crystal symmetry film using an intermediate layer and a
prepared substrate surface in accordance with an illustrative
embodiment of the present disclosure.

FIG. 44P shows an experimental HRXRD of two dis-
tinctly different crystal symmetry binary Ga,O; composi-
tions deposited upon a rhombic Sapphire c.-Al,O5(0001)-
oriented substrate controlled via growth conditions in
accordance with an illustrative embodiment of the present
disclosure.

FIG. 44Q shows a strain-free energy-crystal momentum
(E-k) dispersion in the vicinity of the Brillouin-zone center
for the case of binary orthorhombic Gallium-Oxide illus-
trating the direct bandgap at I'(k=0) in accordance with an
illustrative embodiment of the present disclosure.
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FIG. 44R shows an experimental HRXRD and GIXR of
two example distinct compositions of high-quality single
crystal corundum symmetry ternary (Al .Ga,_,),0; depos-
ited epitaxially on a bulk (1-100)-oriented corundum crystal
symmetry Al,O; substrate in accordance with an illustrative
embodiment of the present disclosure.

FIG. 44S shows an experimental HRXRD of a monoclinic
topmost active Ga,O; epilayer deposited upon a ternary
Erbium-Gallium-Oxide (Er,Ga,_,),O, transition layer
deposited upon a single crystal Silicon (111)-oriented sub-
strate in accordance with an illustrative embodiment of the
present disclosure.

FIG. 44T shows an experimental HRXRD and GIXR of
an example high-quality single crystal corundum symmetry
binary Ga,O; deposited epitaxially on a bulk (11-20)-ori-
ented corundum crystal symmetry Al,O; substrate where the
two thicknesses of Ga,O; are shown pseudomorphically
strained (i.e., elastic deformation of the bulk Ga,O; unit cell)
to the underlying Al,O; substrate in accordance with an
illustrative embodiment of the present disclosure.

FIG. 44U shows an experimental HRXRD and GIXR of
an example high-quality single crystal corundum symmetry
superlattice comprising bilayers of binary pseudomorphic
Ga,0; and Al,O; deposited epitaxially on a bulk (11-20)-
oriented corundum crystal symmetry Al,O; substrate where
the superlattice [Al,O,/Ga,0;] demonstrates the unique
properties of the corundum crystal symmetry in accordance
with an illustrative embodiment of the present disclosure.

FIG. 44V shows an experimental transmission electron
micrograph (TEM) of a high-quality single crystal superla-
ttice comprising SL. [Al,0,/Ga,0;] deposited upon a corun-
dum Al,0; substrate depicting the low dislocation defect
density in accordance with an illustrative embodiment of the
present disclosure.

FIG. 44W shows an experimental HRXRD of a corundum
crystal symmetry topmost active (Al Ga,_,),0; epilayer
deposited upon a single corundum Al,O;(1-102)-oriented
substrate in accordance with an illustrative embodiment of
the present disclosure.

FIG. 44X shows an experimental HRXRD and GIXR of
an example high-quality single crystal corundum symmetry
superlattice comprising bilayers of ternary pseudomorphic
(AL, Ga,_,),0; and Al,O; deposited epitaxially on a bulk
(1-102)-oriented corundum crystal symmetry Al,O; sub-
strate in accordance with an illustrative embodiment of the
present disclosure, where the superlattice [Al,O/
(Al Ga,__),0;] demonstrates the unique properties of the
corundum crystal symmetry.

FIG. 44Y shows an experimental wide angle HRXRD of
a cubic crystal symmetry topmost active Magnesium-Oxide
MgO epilayer deposited upon a single crystal cubic (spinel)
Magnesium-Aluminum-Oxide MgAl,O, (100)-oriented
substrate in accordance with an illustrative embodiment of
the present disclosure.

FIG. 447 shows a strain-free energy-crystal momentum
(E-k) dispersion in the vicinity of the Brillouin-zone center
for the case of ternary Magnesium-Aluminum-Oxide
Mg Al _O5_5,, x=0.5 illustrating the direct bandgap at
I'(k=0) in accordance with an illustrative embodiment of the
present disclosure.

FIG. 45 shows schematically a construction of epitaxial
regions for a metal oxide UVLED comprising a p-i-n
heterojunction diode and multiple quantum wells to tune the
optical emission energy in accordance with an illustrative
embodiment of the present disclosure.

FIG. 46 is an energy band diagram versus growth direc-
tion of the epitaxial metal oxide UVLED structure illustrated
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in FIG. 45 where the k=0 representation of the band struc-
ture is plotted in accordance with an illustrative embodiment
of the present disclosure.

FIG. 47 shows a spatial carrier confinement structure of
the multiple quantum well (MQW) regions of FIG. 46
having quantized electron and hole wavefunctions which
spatially recombine in the MQW region to generate a
predetermined emitted photon energy determined by the
respective quantized states in the conduction and valence
bands where the MQW region has a narrow bandgap mate-
rial comprising Ga,O; in accordance with an illustrative
embodiment of the present disclosure.

FIG. 48 shows a calculated optical absorption spectrum
for the device structure in FIG. 47 where the lowest energy
electron-hole recombination is determined by the quantized
energy levels within the MQW giving rise to sharp and
discrete absorption/emission energy in accordance with an
illustrative embodiment of the present disclosure.

FIG. 49 is an energy band diagram versus growth direc-
tion of an epitaxial metal oxide UVLED structure where the
MQW region has a narrow bandgap material comprising
(Al 5sGag 55),05 in accordance with an illustrative embodi-
ment of the present disclosure.

FIG. 50 shows a calculated optical absorption spectrum
for the device structure in FIG. 49 where the lowest energy
electron-hole recombination is determined by the quantized
energy levels within the MQW giving rise to sharp and
discrete absorption/emission energy in accordance with an
illustrative embodiment of the present disclosure.

FIG. 51 is an energy band diagram versus growth direc-
tion of an epitaxial metal oxide UVLED structure where the
MQW region has a narrow bandgap material comprising
(Al, ,Ga, 5),0; in accordance with an illustrative embodi-
ment of the present disclosure.

FIG. 52 shows a calculated optical absorption spectrum
for the device structure in FIG. 49 where the lowest energy
electron-hole recombination is determined by the quantized
energy levels within the MQW giving rise to sharp and
discrete absorption/emission energy in accordance with an
illustrative embodiment of the present disclosure.

FIG. 53 is an energy band diagram versus growth direc-
tion of an epitaxial metal oxide UVLED structure where the
MQW region has a narrow bandgap material comprising
(Al, ,Ga, §),0; in accordance with an illustrative embodi-
ment of the present disclosure.

FIG. 54 shows a calculated optical absorption spectrum
for the device structure in FIG. 53 where the lowest energy
electron-hole recombination is determined by the quantized
energy levels within the MQW giving rise to sharp and
discrete absorption/emission energy in accordance with an
illustrative embodiment of the present disclosure.

FIG. 55 plots pure metal work-function energy and sorts
the metal species from high to low work function for
application to p-type and n-type ohmic contacts to metal
oxides in accordance with illustrative embodiments of the
present disclosure.

FIG. 56 is a reciprocal lattice map 2-axis x-ray diffraction
pattern for pseudomorphic ternary (Al, sGa, 5),0; on an
A-plane Al,O, substrate in accordance with an illustrative
embodiment of the present disclosure.

FIG. 57 is a 2-axis x-ray diffraction pattern of a pseudo-
morphic 10 period SL [Al,0,/Ga,O;] on an A-plane Al,O,
substrate showing in-plane lattice matching throughout the
structure in accordance with an illustrative embodiment of
the present disclosure.
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FIGS. 58A and 58B illustrate optical mode structure and
threshold gain for a slab of metal-oxide semiconductor
material in accordance with an illustrative embodiment of
the present disclosure.

FIGS. 59A and 59B illustrate optical mode structure and
threshold gain for a slab of metal-oxide semiconductor
material in accordance with another illustrative embodiment
of the present disclosure.

FIG. 60 shows an optical cavity formed using an optical
gain medium embedded between two optical reflectors in
accordance with an illustrative embodiment of the present
disclosure.

FIG. 61 shows an optical cavity formed using an optical
gain medium embedded between two optical reflectors in
accordance with an illustrative embodiment of the present
disclosure, illustrating that two optical wavelengths can be
supported by the gain medium and cavity length.

FIG. 62 shows an optical cavity formed using an optical
gain medium of finite thickness embedded between two
optical reflectors and positioned at the peak electric field
intensity of a fundamental wavelength mode in accordance
with an illustrative embodiment of the present disclosure,
showing that only one optical wavelength can be supported
by the gain medium and cavity length.

FIG. 63 shows an optical cavity formed using two optical
gain media of finite thickness embedded between two opti-
cal reflectors in accordance with an illustrative embodiment
that is positioned at the peak electric field intensity of a
shorter wavelength mode, illustrating that only one optical
wavelength can be supported by the gain medium and cavity
length.

FIGS. 64A and 64B show single quantum well structures
comprising metal-oxide ternary materials with quantized
electron and holes states in accordance with an illustrative
embodiment of the present disclosure depicting two different
quantum well thicknesses.

FIGS. 65A and 65B show single quantum well structures
comprising metal-oxide ternary materials with quantized
electron and hole states in accordance with an illustrative
embodiment of the present disclosure depicting two different
quantum well thicknesses.

FIG. 66 shows spontaneous emission spectra from the
quantum well structures disclosed in FIGS. 64A, 64B, 65A
and 65B.

FIG. 67A and FIG. 67B show a spatial energy band
structure of a metal oxide quantum well and the associated
energy-crystal momentum band structure in accordance with
an illustrative embodiment of the present disclosure.

FIGS. 68A and 68B show a population inversion mecha-
nism for the electrons and holes in a quantum well band
structure and the resulting gain spectrum for the quantum
well.

FIGS. 69A and 69B show electron and hole energy states
for filled conduction and valence bands in the energy-
momentum space for the case of a direct and pseudo-direct
bandgap metal oxide structure in accordance with an illus-
trative embodiment of the present disclosure.

FIGS. 70A and 70B show an impact ionization process for
metal oxide injected hot electrons resulting in pair produc-
tion in accordance with an illustrative embodiment of the
present disclosure.

FIGS. 71A and 71B show an impact ionization process for
metal oxide injected hot electrons resulting in pair produc-
tion in accordance with another illustrative embodiment of
the present disclosure.

FIGS. 72A and 72B show an effect of an electric field
applied to metal oxide creating a plurality of impact ioniza-
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tion events in accordance with another illustrative embodi-
ment of the present disclosure.

FIG. 73 shows a vertical type ultraviolet laser structure in
accordance with an illustrative embodiment of the present
disclosure where the reflectors form part of the cavity and
electrical circuit.

FIG. 74 shows a vertical type ultraviolet laser structure in
accordance with an illustrative embodiment of the present
disclosure where the reflectors forming the optical cavity are
decoupled from the electrical circuit.

FIG. 75 shows a waveguide type ultraviolet laser structure
in accordance with an illustrative embodiment of the present
disclosure where the reflectors forming the optical cavity are
decoupled from the electrical circuit and where the optical
gain medium embedded within the lateral cavity can have a
length optimized for a low threshold gain.

FIGS. 76 A-1, 76A-2, 768, 76C and 76D show charts and
tables of DFT calculated minimum bandgap energies and
lattice parameters for some examples of epitaxial oxide
materials.

FIG. 77 shows a chart of some DFT calculated epitaxial
oxide material bandgaps (minimum bandgap energies in eV)
and in some cases crystal symmetry versus a lattice constant
of the epitaxial oxide material.

FIG. 78 shows a schematic example explaining how an
epitaxial oxide material with a monoclinic unit cell can be
compatible with an epitaxial oxide material with a cubic unit
cell.

FIG. 79 shows a chart of some DFT calculated epitaxial
oxide material bandgaps (minimum bandgap energies in eV)
and in some cases crystal symmetry versus a lattice constant
of the epitaxial oxide material.

FIG. 80 shows a chart of some DFT calculated epitaxial
oxide material bandgaps (minimum bandgap energies in eV)
versus a lattice constant where the epitaxial oxide materials
all have cubic crystal symmetry with a Fd3m or Fm3m space
group.

FIG. 81 shows the DFT calculated atomic structure of
k-Ga,0; (i.e., Ga,O; with a Pna2l space group).

FIGS. 82A-82C show DFT calculated band structures of
k-(Al .Ga,_,),0;, where x=1, 0.5 and O, respectively.

FIG. 82D shows the DFT calculated minimum bandgap
energy of k-(Al Ga,_,),0;, where x=1, 0.5 and 0, which
shows the band bowing due to the polar nature of the
materials.

FIG. 83 shows a DFT calculated band structure of Li-
doped k-Ga,O;. The structure had one Ga atom replaced
with a Li atom in each unit cell.

FIG. 84 shows a chart that summarizes the results from
DFT calculated band structures of doped k-Ga,O; using
different dopants.

FIG. 85 shows some DFT calculated epitaxial oxide
materials with lattice constants from about 4.8 Angstroms to
about 5.3 Angstroms, that can be substrates for, and/or form
heterostructures with, - and k-Al,Ga, _,0,, such as LiAlO,
and Li,GeO;.

FIG. 86 shows some additional DFT calculated epitaxial
oxide materials with lattice constants from about 4.8 Ang-
stroms to about 5.3 Angstroms, that can be substrates for,
and/or or form heterostructures with, a.- and k-Al,Ga,_,0,,
including a-Si0O,, Al(111),,.; (i.e., six atoms of Al(111)
forming a 2x3 sub-array have an acceptable lattice mismatch
with one unit cell of k-Al,Ga,_,0,), and AIN(100),,,.

FIGS. 87A-87E show atomic structures at surfaces of
k-Ga,0; and some compatible substrates.
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FIG. 88 shows a flowchart of an example method for
forming a  semiconductor  structure  comprising

K-AlLGa,_0,.

FIGS. 89A-89C are plots of XRD intensity versus angle
(in an Q-20 scan) for experimental structures.

FIGS. 90A-901 show examples of semiconductor struc-
tures 6201-6209 comprising epitaxial oxide materials in
layers or regions.

FIGS. 90J-90L show examples of semiconductor struc-
tures 62015-62035 comprising epitaxial oxide materials in
layers or regions.

FIG. 91A is a schematic of an example of a semiconductor
structure comprising epitaxial oxide layers on a suitable
substrate.

FIGS. 91B-911 show electron energy (on the y-axis) vs.
growth direction (on the x-axis) for examples of epitaxial
oxide heterostructures comprising layers of dissimilar epi-
taxial oxide materials.

FIGS. 92A-92C show energy versus growth direction
(distance, z) for three examples of different digital alloys,
and example wavefunctions for the confined electrons and
holes in each.

FIG. 93 shows a plot of effective bandgap versus an
average composition (x) of the digital alloys shown in FIGS.
92A-92C.

FIG. 94 A shows a full E-k band structure of an epitaxial
oxide material, which can be derived from the atomic
structure of the crystal.

FIG. 94B shows a simplified band structure, which is a
representation of the minimum bandgap of the material, and
wherein the x-axis is space (z) rather than wavevectors (as
in the E-k diagrams).

FIG. 95 shows an example of a simplified band structure
of a p-i-n device comprising epitaxial oxide layers.

FIG. 96 shows a simplified band structure of a hetero-
junction p-i-n device comprising epitaxial oxide layers.

FIG. 97 shows a simplified band structure of a multiple
heterojunction p-i-n device comprising epitaxial oxide lay-
ers.

FIG. 98 A shows another example of a p-i-n structure, with
multiple quantum wells, and where the barrier layers of the
multiple quantum well structure in the i-region have larger
bandgaps than the bandgap of the n- and p-layers.

FIG. 98B shows a single quantum well of the multiple
quantum well structure in 98A.

FIG. 99 shows another example of a p-i-n structure, with
multiple quantum wells in the n-, i- and p-layers.

FIG. 100 shows another example of a p-i-n structure, with
multiple quantum wells in the n-, i- and p-layers similar to
the structure in FIG. 99.

FIG. 101A shows an example of a semiconductor struc-
ture comprising (AlxGa,_,),0O; layers, where O=x<1 in each
layer.

FIG. 101B shows the structure from FIG. 101 A with the
layers etched such that contact can be made to any layer of
the semiconductor structure using “Contact region #2,”
“Contact region #3,” and “Contact region #4.”

FIG. 101C shows the structure from FIG. 101B with an
additional “Contact region #5,” which makes contact to the
back side (opposite the epitaxial oxide layers) of the sub-
strate (“SUB”).

FIGS. 102A and 102B show simplified E-k diagrams in
the vicinity of the Brillouin-zone center for an epitaxial
oxide material, such as those shown in FIGS. 28, 76A-1,
76A-2 and 76B, showing a process of impact ionization.

FIG. 103A shows a plot of energy versus bandgap of an
epitaxial oxide material (including the conduction band
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edge, E_, and the valence band edge, E,), where the dotted
line shows the approximate threshold energy required by a
hot electron to generate an excess electron-hole pair through
an impact ionization process.

FIG. 103B shows an example of a hot electron in a-Ga,O,
with a bandgap of about 5 eV.

FIG. 104A shows a schematic of an epitaxial oxide
material with two planar contact layers (e.g., metals, or
highly doped semiconductor contact materials and metal
contacts) coupled to an applied voltage, Va.

FIG. 104B shows a band diagram of the structure shown
in FIG. 104A along the growth (“z”) direction of the
epitaxial oxide material.

FIG. 104C shows a band diagram of the structure shown
in FIG. 104A along the growth (“z”) direction of the
epitaxial oxide material.

FIG. 105 shows a schematic of an example of an elec-
troluminescent device including a high work function metal,
an ultra-wide bandgap layer, a wide bandgap epitaxial oxide
layer, and a second metal contact.

FIGS. 106A and 106B show schematics of examples of
electroluminescent devices that are p-i-n diodes including a
p-type semiconductor layer, an epitaxial oxide layer that is
not intentionally doped (NID), an impact ionization region
(IIR), and an n-type semiconductor layer.

FIG. 107 shows the minimum bandgap energy versus the
minor lattice constant of monoclinic (Al Ga;_,),0;.

FIG. 108 shows the minimum bandgap energy versus the
minor lattice constant “a” of hexagonal a(Al Ga,_,),0;.

FIG. 109 shows an example of some embodiments of
forming R3¢ a(Al,Ga, _,),0; epitaxial structures.

FIG. 110 shows an example implementation of a stepped
increment tuning of the effective alloy composition of each
SL region along the growth direction of a chirp layer.

FIG. 111 shows an experimental XRD plot of a step
graded SLs (SGSL) structure (that forms a chirp layer) using
a digital alloy comprising bilayers of aGa,0; and cAl,O;
deposited on (110)-oriented sapphire (zero miscut).

FIG. 112 shows another example of the step graded SLs
which can be used to form a pseudo-substrate with a tuned
in-plane lattice constant for a subsequent high quality and
close lattice matched active layer such as the “bulk” (mean-
ing a single layer rather than an SL) a(Al sGa;_,5),0;.

FIG. 113 shows an example of a high complexity digital
alloy grading interleaved by a wide bandgap spacer, in this
case a aAl,O; interposer layer.

FIGS. 114 A and 114B shows plots of the high-resolution
Bragg XRD (upper plot) and the grazing incidence x-ray
reflection (XRR) (lower plot) of the chirped SL with inter-
poser as described in FIG. 113.

FIGS. 115A and 115B show the electronic band diagram
as a function of the growth direction for a chirp layer
structure like those of FIGS. 112 and 113.

FIG. 115C shows the lowest energy quantized energy
wavefunction confined within the aGa,0O; layers of the
chirp layer for a chirp layer structure like those of FIGS. 112
and 113.

FIG. 115D is the wavelength spectrum of the oscillator
strength for electric dipole transitions between the conduc-
tion and valence band of the chirp layer modeled in FIGS.
115A-115C.

FIG. 116A is a diagram showing a sectional view of a
semiconductor structure (or stack) for an optoelectronic
device according to some embodiments of the present semi-
conductor structures with one or more superlattices contain-
ing an epitaxial oxide material.

10

15

20

25

30

35

40

45

50

55

60

65

14

FIG. 116B is a diagram showing a sectional view of a
semiconductor structure (or stack) for an optoelectronic
device according to some embodiments.

FIG. 116C is a diagram showing a sectional view of a
semiconductor structure (or stack) for an optoelectronic
device according to some embodiments.

FIG. 117 is a diagram showing a sectional view of a
semiconductor structure (or stack) for an optoelectronic
device according to an embodiment of the present semicon-
ductor structures with one or more superlattices containing
an epitaxial oxide material.

FIG. 118 is a diagram showing a sectional view of an
optoelectronic device according to an embodiment of the
present semiconductor structures with one or more superla-
ttices containing an epitaxial oxide material.

FIG. 119 is a diagram showing a sectional view of an
optoelectronic device according to an embodiment of the
present semiconductor structures with one or more superla-
ttices containing an epitaxial oxide material.

FIG. 120 is a diagram showing a sectional view of an
optoelectronic device according to an embodiment of the
present semiconductor structures with one or more superla-
ttices containing an epitaxial oxide material.

FIG. 121 is diagram showing a sectional view of an
optoelectronic device according to an embodiment of the
present semiconductor structures with one or more superla-
ttices containing an epitaxial oxide material.

FIG. 122 is a diagram showing a perspective view of an
optoelectronic device according to an embodiment of the
present semiconductor structures with one or more superla-
ttices containing an epitaxial oxide material.

FIG. 123 is a diagram showing a sectional view of an
optoelectronic device according to an embodiment of the
present semiconductor structures with one or more superla-
ttices containing an epitaxial oxide material.

FIG. 124 shows schematically an example of the atomic
forces (or stresses) and present in a structure comprising two
unit cells.

FIG. 125 schematically describes the influence of the
built-in depletion field having potential energy along a
distance that is parallel to a growth direction in the semi-
conductor structures with one or more superlattices contain-
ing epitaxial oxide materials described herein.

FIG. 126 is a cross-sectional view of a structure compris-
ing a semiconductor layer and a doped superlattice, accord-
ing to an embodiment.

FIG. 127 is a flow diagram of an example of a method of
making a doped superlattice described herein via a film
formation process.

FIG. 128 shows an example of shutter sequences for a
film formation process shown in FIG. 127.

FIG. 129 is a cross-sectional view of an electronic device,
according to some embodiments.

FIG. 130 is a cross-sectional view of an example of an
LED device that is based on the structure of the electronic
device shown in FIG. 129.

FIG. 131 is a cross-sectional view of an example of an
LED device that is based on the electronic device and the
LED device shown in FIGS. 129 and 130.

FIG. 132 is a cross-sectional view of an example of an
LED device based on the LED device shown in FIG. 131.

FIG. 133 is a cross-sectional view of an example of an
LED device.

FIG. 134 illustrates a metal-polar ‘p-UP’ LED structure
for a metal-polar epitaxial oxide film growth with respect to
a growth axis (sometimes referred to as a growth direction

‘Z’)
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FIG. 135 illustrates an oxygen-polar ‘p-DOWN’ LED
structure for an oxygen-polar epitaxial oxide film growth
with respect to a growth axis.

FIG. 136 shows a semiconductor structure (or stack) for
generating electrical and optical portions of a p-n diode
according to some embodiments.

FIG. 137 shows a semiconductor structure (or stack) for
generating electrical and optical portions of a p-i-n diode
according to some embodiments.

FIG. 138 illustrates a further gradient pattern growth
sequence for a gradient region with a chirped bilayer period
and constant x,,,,, superlattice structure.

FIG. 139 illustrates a broad flow diagram for forming
semiconductor structures having a graded layer or graded
region.

FIG. 140A shows an epitaxial oxide semiconductor struc-
ture with an epitaxial oxide layer containing a wide bandgap
semiconductor, and an adjacent epitaxial oxide layer con-
taining a narrow bandgap semiconductor.

FIG. 140B shows a semiconductor structure with an
epitaxial oxide layer containing a wide bandgap semicon-
ductor, an epitaxial oxide layer containing a narrow bandgap
semiconductor, and an epitaxial oxide chirp layer between
the narrow and wide bandgap epitaxial oxide layers.

FIG. 140C illustrates an electron moving through the
structure from left to right in the figure.

FIG. 140D illustrates an electron moving through the
structure (containing the epitaxial oxide chirp layer) from
left to right in the figure.

FIG. 141A is a schematic of an example of a semicon-
ductor structure containing an epitaxial oxide semiconduc-
tor-metal junction, whose epitaxial oxide semiconductor
material is piezoelectric and abruptly graded in composition
or graded in strain within contact layer adjacent to an
interface with a metal contact, in accordance with some
embodiments.

FIG. 141B is a schematic of an example of a semicon-
ductor structure containing an epitaxial oxide semiconduc-
tor-metal junction containing a metal contact, a constant
composition epitaxial oxide material, and a contact layer.

FIG. 142 shows a simplified schematic side view of an
LED structure including a mesa structure, and an expanded
view of the sublayer thicknesses of an ohmic-chirp layer (or
chirp layer).

FIGS. 143 A and 143B show examples of light extraction
optimization via selection of metal contact materials and
emitter positioning in LEDs or lasers.

FIGS. 144A and 144B show examples of semiconductor
structures with a distributed Bragg reflector (DBR) as part of
doped layers in the diode structure.

DETAILED DESCRIPTION

Disclosed herein are embodiments of an optoelectronic
semiconductor light emitting device that may be configured
to emit light having a wavelength in the range of from about
150 nm to about 280 nm. The devices comprise a metal
oxide substrate having at least one epitaxial semiconductor
metal oxide layer disposed thereon. The substrate may
comprise Al,O;, Ga,0;, MgO, LiF, MgAl,O,, MgGa,O,,
LiGa0,, LiAlO,, (Al Ga,_),0;, MgF,, LaAlO,, TiO, or
quartz. In certain embodiments, the one or more of the at
least one semiconductor layer comprises at least one of
Al O; and Ga,0;.

In a first aspect, the present disclosure provides an opto-
electronic semiconductor light emitting device configured to
emit light having a wavelength in the range from about 150
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nm to about 280 nm, the device comprising a substrate
having at least one epitaxial semiconductor layer disposed
thereon, wherein each of the one or more epitaxial semi-
conductor layers comprises a metal oxide.

In another form, the metal oxide of each of the one or
more semiconductor layers is selected from the group con-
sisting of Al,O;, Ga,0;, MgO, NiO, Li,O, ZnO, SiO,,
GeO,, Er,05, Gd,0;, PdO, Bi,0;, IrO,, and any combina-
tion of the aforementioned metal oxides.

In another form, at least one of the one or more semi-
conductor layers is a single crystal.

In another form, the at least one of the one or more
semiconductor layers has rhombohedral, hexagonal or
monoclinic crystal symmetry.

In another form, at least one of the one or more semi-
conductor layers is composed of a binary metal oxide,
wherein the metal oxide is selected from Al,O; and Ga,O;.

In another form, at least one of the one or more semi-
conductor layers is composed of a ternary metal-oxide
composition, and the ternary metal oxide composition com-
prises at least one of Al,O; and Ga,O;, and, optionally, a
metal oxide selected from MgO, NiO, LiO,, ZnO, SiO,,
GeO,, Er,0,, Gd,0;, PdO, Bi,0;, and IrO,.

In another form, the at least one of the one or more
semiconductor layers is composed of a ternary metal-oxide
composition of (Al Ga,_,),O; wherein O=x=<1.

In another form, the at least one of the one or more
semiconductor layers comprises uniaxially deformed unit
cells.

In another form, the at least one of the one or more
semiconductor layers comprises biaxially deformed unit
cells.

In another form, the at least one of the one or more
semiconductor layers comprises triaxially deformed unit
cells.

In another form, the at least one of the one or more
semiconductor layer is composed of a quaternary metal
oxide composition, and the quaternary metal oxide compo-
sition comprises either: (1) Ga,O; and a metal oxide selected
from Al,O,, MgO, NiO, LiO,, ZnO, SiO,, GeO,, Er,0;,
Gd,0;, PdO, Bi,0;, and IrO,; or (ii) Al,O; and a metal
oxide selected from Ga,O,, MgO, NiO, LiO,, ZnO, SiO,,
GeO,, Er,0;, Gd,0;, PdO, Bi,0;, and IrO,.

In another form, the at least one of the one or more
semiconductor layers is composed of a quaternary metal
oxide composition (Ni,Mg,_,),Ga,_,,0;_,, where O=x<l1
and O<y=l.

In another form, the surface of the substrate is configured
to enable lattice matching of crystal symmetry of the at least
one semiconductor layer.

In another form, the substrate is a single crystal substrate.

In another form, the substrate is selected from Al,O;,
Ga,0,, MgO, LiF, MgAl,0,, MgGa,0,, LiGaO,, LiAlO,,
MgF,, LaAlO;, TiO, and quartz.

In another form, the surface of the substrate has crystal
symmetry and in-plane lattice constant matching so as to
enable homoepitaxy or heteroepitaxy of the at least one
semiconductor layer.

In another form, one or more of the at least one semi-
conductor layer is of direct bandgap type.

In a second aspect, the present disclosure provides an
optoelectronic semiconductor device for generating light of
a predetermined wavelength comprising a substrate; and an
optical emission region having an optical emission region
band structure configured for generating light of the prede-
termined wavelength and comprising one or more epitaxial
metal oxide layers supported by the substrate.
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In another form, configuring the optical emission region
band structure for generating light of the predetermined
wavelength comprises selecting the one or more epitaxial
metal oxide layers to have an optical emission region band
gap energy capable of generating light of the predetermined
wavelength.

In another form, selecting the one or more epitaxial metal
oxide layers to have an optical emission region band gap
energy capable of generating light of the predetermined
wavelength comprises forming the one or more epitaxial
metal oxide layers of a binary metal oxide of the form A O,
comprising a metal specie (A) combined with oxygen (O) in
the relative proportions x and y.

In another form, the binary metal oxide is Al,Oj;.

In another form, the binary metal oxide is Ga,O;.

In another form, the binary metal oxide is selected from
the group consisting of MgO, NiO, LiO,, ZnO, Si0O,, GeO,,
Er,0;, Gd,0;, PdO, Bi,0; and IrO,.

In another form, selecting the one or more epitaxial metal
oxide layers to have an optical emission region band gap
energy capable of generating light of the predetermined
wavelength comprises forming the one or more epitaxial
metal oxide layers of a ternary metal oxide.

In another form, the ternary metal oxide is a ternary metal
oxide bulk alloy of the form A B O, comprising a metal
species (A) and (B) combined with oxygen (O) in the
relative proportions X, y and n.

In another form, a relative fraction of the metal specie B
to the metal specie A ranges from a minority relative fraction
to a majority relative fraction.

In another form, the ternary metal oxide is of the form
A.B,_ O, where 0=x<1.0.

In another form, the metal specie A is Al and metal specie
B is selected from the group consisting of: Zn, Mg, Ga, Ni,
Rare Earth, Ir Bi, and Li.

In another form, the metal specie A is Ga and metal specie
B is selected from the group consisting of: Zn, Mg, Ni, Al,
Rare Earth, Ir, Bi and Li.

In another form, the ternary metal oxide is of the form
(AL Ga,__),0;, where O=x=<1. In other forms, x is about 0.1,
or about 0.3, or about 0.5.

In another form, the ternary metal oxide is a ternary metal
oxide ordered alloy structure formed by sequential deposi-
tion of unit cells formed along a unit cell direction and
comprising alternating layers of metal specie A and metal
specie B having intermediate O layers to form a metal oxide
ordered alloy of the form A-O—B—0O-A-O—B-etc.

In another form, the metal specie A is Al and the metal
specie B is Ga, and the ternary metal oxide ordered alloy is
of the form Al-O—Ga—0O—Al-etc.

In another form, the ternary metal oxide is of the form of
a host binary metal oxide crystal with a crystal modification
specie.

In another form, the host binary metal oxide crystal is
selected from the group consisting of Ga,0;, Al,O;, MgO,
NiO, ZnO, Bi,0;, r-GeO,, Ir,0;, RE,0; and Li,O and the
crystal modification specie is selected from the group con-
sisting of Ga, Al, Mg, Ni, Zn, Bi, Ge, Ir, RE and Li.

In another form, selecting the one or more epitaxial metal
oxide layers to have an optical emission region band gap
energy capable of generating light of the predetermined
wavelength comprises forming the one or more epitaxial
metal oxide layers as a superlattice comprising two or more
layers of metal oxides forming a unit cell and repeating with
a fixed unit cell period along a growth direction.
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In another form, the superlattice is a bi-layered superla-
ttice comprising repeating layers comprising two different
metal oxides.

In another form, the two different metal oxides comprise
a first binary metal oxide and a second binary metal oxide.

In another form, the first binary metal oxide is Al,O; and
the second binary metal oxide is Ga,O;.

In another form, the first binary metal oxide is NiO and
the second binary metal oxide is Ga,O;.

In another form, the first binary metal oxide is MgO and
the second binary metal oxide is NiO.

In another form, the first binary metal oxide is selected
from the group consisting of Al,O;, Ga,0;, MgO, NiO,
LiO,, ZnO, Si0,, GeO,, Er,0;, Gd,0,, PdO, Bi,O, and
IrO, and wherein the second binary metal oxide is selected
from the group consisting of Al,O;, Ga,0,, MgO, NiO,
LiO,, ZnO, Si0,, GeO,, Er,0;, Gd,0,, PdO, Bi,O, and
IrO, absent the first selected binary metal oxide.

In another form, the two different metal oxides comprise
a binary metal oxide and a ternary metal oxide.

In another form, the binary metal oxide is Ga,0; and the
ternary metal oxide is (Al Ga;_,),O,, where 0=sx=<1.0.

In another form, the binary metal oxide is Ga,0; and the
ternary metal oxide is Al Ga,;  O,, where 0=x<1.0.

In another form, the binary metal oxide is Ga,0; and the
ternary metal oxide is Mg, Ga,,_,,O;_,,, where O=x<1.0.

In another form, the binary metal oxide is Al,O; and the
ternary metal oxide is (Al Ga,_,),0;, where 0=x<1.0.

In another form, the binary metal oxide is Al,O; and the
ternary metal oxide is Al Ga,;_,O;, where O=x<1.0.

In another form, the binary metal oxide is Al,O; and the
ternary metal oxide is (Al Er,_,),0;.

In another form, the ternary metal oxide is selected from
the group consisting of (Ga,,Ni, )O, ., (AL Ni; )O,.,,,
(AlL,Mg, 05,1, (Ga, Mg, )O,.,,, (Al Zn,_)O,,,,,
(Ga,,Zn,_ )0, (Ga,Bi,_),0;, (ALBi,_),0;,
(Al Ge, )0, (Gap,Ge )05, (ALIr,_,),0;.
(Gar,_),0;, (Ga,RE,_)O;, (ALRE,_)O;, (Al Liy,_)
O,,,, and (Ga,,Li,(_,))0,,,,, where O=x<1.0.

In another form, the binary metal oxide is selected from
the group consisting of Al,O;, Ga,0;, MgO, NiO, LiO,,
Zn0, Si0,, GeO,, Er,0;, Gd,0,, PdO, Bi,0, and IrO,.

In another form, the two different metal oxides comprise
a first ternary metal oxide and a second ternary metal oxide.

In another form, the first ternary metal oxide is AL Ga,_,0
and the second ternary metal oxide is (Al Ga,_,),0; or
Al Ga,_0; where O=x=<1 and O<y=l.

In another form, the first ternary metal oxide is
(AL, Ga,;_,),O; and the second ternary metal oxide is
(Al,Ga,_)),0;, where 0<x<1 and 0<y<l.

In another form, the first ternary metal oxide is selected
from the group consisting of (Ga,, Ni;_,)O,,,;, (AL, Ni, )
Osprs (AL Mg, 0,1, (GaMg,_J0s,,,. (AL Zn, )
Ospprs (GayZny )05, (Ga,Biy )05, (ALBi,_,),0;,
(Al Ge, )0, (Ga,,Ge,_)O,,., (ALlr,_),0;,
(Gar,_),0;, (Ga,RE,_)O;, (ALRE,_)O;, (Al Liy,_)
O,,,, and (Ga, Li,_,))O, ., and wherein the second ter-
nary metal oxide is selected from the group consisting of
(Gap,Niy_)05,,.  (ALNI_ )05, (AlL,Mg, )O,.,,,
(Gap,Mg,_ )05y, (Al Zny_ )0, (GayZn,_)O,,,,,
(Ga,Bi,_,),0;. (ALBi,_,),0;, (AL, Ge,_)0,,,
(Gay,Ge,_ )04, (ALlr,_),0;, (Galr,_),0;, (Ga,RE,_)
O;, (ALRE,_)O;, (AlzxLiz(l-x))02x+1s and (GaZxLiz(l-x))
O,,.,, absent the first selected ternary metal oxide, where
0O=x<1.0.

In another form, the superlattice is a tri-layered superla-
ttice comprising repeating layers of three different metal
oxides.
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In another form, the three different metal oxides comprise
a first binary metal oxide, a second binary metal oxide and
a third binary metal oxide.

In another form, the first binary metal oxide is MgO, the
second binary metal oxide is NiO and the third binary metal
oxide Ga,0;.

In another form, the first binary metal oxide is selected
from the group consisting of Al,O;, Ga,0;, MgO, NiO,
LiO,, ZnO, Si0,, GeO,, Er,0;, Gd,0,, PdO, Bi,O, and
IrO,, and wherein the second binary metal oxide is selected
from the group Al,O;, Ga,0;, MgO, NiO, LiO,, ZnO, SiO,,
GeO,, Er,0;, Gd,0;, PdO, Bi,0; and IrO, absent the first
selected binary metal oxide, and wherein the third binary
metal oxide is selected from the group Al,O,, Ga,O,, MgO,
NiO, LiO,, Zn0O, Si0,, GeO,, Er,0,, Gd,0,, PdO, Bi,0,
and IrO, absent the first and second selected binary metal
oxides.

In another form, the three different metal oxides comprise
a first binary metal oxide, a second binary metal oxide and
a ternary metal oxide.

In another form, the first binary metal oxide is selected
from the group consisting of Al,O;, Ga,0;, MgO, NiO,
LiO,, ZnO, Si0,, GeO,, Er,0;, Gd,0,, PdO, Bi,O, and
IrO,, and wherein the second binary metal oxide is selected
from the group consisting of Al,O;, Ga,0;, MgO, NiO,
LiO,, ZnO, Si0,, GeO,, Er,0;, Gd,0,, PdO, Bi,O; and
IrO, absent the first selected binary metal oxide, and wherein
the ternary metal oxide is selected from the group consisting
of (GayNi;_ )05, (ALNI_ )00, (AL,Mg,_ )0,
(Gayp Mg, 0,1, (Al Zn, )0, ., (GayZn,_JO,,,,,
(Ga,Bi,_,),0;. (ALBi, _,),0;, (AL, Ge, )0,
(Ga,,Ge,_)O,.., (Al Ir,_),0;, (Galr,_,),0;, (Ga,RE,_,)
O;, (ALRE, )Os,, (A12xLi2(l—x))02x+l and (GaZxLiz(l-x))
O, > where O=x=1.

In another form, the three different metal oxides comprise
a binary metal oxide, a first ternary metal oxide and a second
ternary metal oxide.

In another form, the binary metal oxide is selected from
the group consisting of Al,O;, Ga,0;, MgO, NiO, LiO,,
7Zn0, Si0,, GeO,, Er,0;, Gd,0;, PO, Bi,0, and IrO,, and
wherein the first ternary metal oxide is selected from the
group comnsisting of (Ga, Ni; O, ., (AL, Ni; )O, .,
(AL Mg, )05, (GapMg,_)0,.,,, (AL Zn,_)O,,,,,
(Gay,Zn,_)0;,,;. (Ga,Bi,_,),0;, (ALBi,_,),0s,
(AL, Ge,_)O,,. (GayGey )05, (ALIr,_,),0;.
(Ga,Ir, _),0;, (Ga,RE,_))O;, (ALRE,_)O;, (Al Liy;_y)
O,,,, and (Ga, Li,,_,))O,, ., and wherein the second ter-
nary metal oxide is selected from the group consisting of
(Ga,Ni,_)O,.,,, (ALNi,_)O,.,,, (Al,,Mg, JO,.,,,
(Gap, Mg, )05y, (Al Zny_ )05, (GayZn,_)O,.,,,
(Ga,Bi,_,),0;. (ALBi, _,),0;, (AL, Ge, )0,
(Ga,Ge,_ )0, (ALlr,_,),0;, (Ga,lr,_,),0;, (GaRE,_)
0, (ALRE,_)O;, (Al Liyy_1))Os,; and (GasLizg_y)
O,,.,, absent the first selected ternary metal oxide, where
O=x=l.

In another form, the three different metal oxides comprise
a first ternary metal oxide, a second ternary metal oxide and
a third ternary metal oxide.

In another form, the first ternary metal oxide is selected
from the group consisting of (Ga, Ni;_)O,,.;, (AL, Ni, )
Operrs (ALMg, O, ., (GayMg, )O,.,,, (Al Zn,_)
Osp1s (GayZny )0y, (Ga,Biy )05, (ALBI;_,),0;,
(Al,Ge, )0, (Ga,,Ge,_ )0, (ALlr,_),0;,
(Ga,Ir, _),0;, (Ga,RE,_)O;, (ALRE,_)O;, (Al Liy;_y)
O,,,, and (Ga,, i, _,))0,,,,, and wherein the second ter-
nary metal oxide is selected from the group consisting of
(Gap,Ni;_)O5..  (ALNI_ )05, (AlMg,_)Os,,,
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(Gap,Mg,_ )05y, (AlZny_ )0, (GayZn,_)O,.,,,
(Ga,  Bi, 0,05  (ALBi,_),05 (Al Ge, )O, .
(Gay,Ge,_ )0, (ALlr,_,),0;, (Galr,_,),0;, (GaRE,_)
05, (ALRE, )O;, (Al Lisy_ )05, and (Gay Ly _,
O,,., absent the first selected ternary metal oxide, and
wherein the third ternary metal oxide is selected from the
group consisting of (Ga, Ni;, O, ., (AL, Ni; )O, .,
(AlL,Mg, 05,1, (Ga, Mg, )O,.,,, (Al Zn,_)O,,,,,
(Ga,,Zn,_ )0, (Ga,Bi,_),0;, (ALBi,_),0;,
(Al Ge, )0, (Gap,Ge )05, (ALIr,_,),0;.
(Ga,Ir,_),0s, (GaRE,_)O;, (ALRE,_)O;, (Al Lis,_.)
O,,,; and (Ga,,Lis_yO,,,, absent the first and second
selected ternary metal oxides, where O=x=<1.

In another form, the superlattice is a quad-layered super-
lattice comprising repeating layers of at least three different
metal oxides.

In another form, the superlattice is a quad-layered super-
lattice comprising repeating layers of three different metal
oxides, and a selected metal oxide layer of the three different
metal oxides is repeated in the quad-layered superlattice.

In another form, the three different metal oxides comprise
a first binary metal oxide, a second binary metal oxide and
a third binary metal oxide.

In another form, the first binary metal oxide is MgO, the
second binary metal oxide is NiO and the third binary metal
oxide is Ga,0; forming a quad-layer superlattice comprising
MgO—Ga,0;—NiO—Ga, 0, layers.

In another form, the three different metal oxides are
selected from the group of consisting of Al,O;, Ga,0;,
MgO, NiO, LiO,, ZnO, Si0,, GeO,, Er,0,, Gd,0,, PdO,
Bi,0;, IO, (Ga,Niy_)Os,,,  (AlLNi;_ )05,
(AlL,Mg, 05,1, (Ga, Mg, )O,.,,, (Al Zn,_)O,,,,,
(Ga,,Zn,_ )0, (Ga,Bi,_),0;, (ALBi,_),0;,
(Al Ge, )0, (Gap,Ge )05, (ALIr,_,),0;.
(Ga,Ir,_),0;, (Ga,RE, )O;, (ALRE, )O;, (Al Li,_,)
O,,,, and (Ga,,Lis(_,))0,,,,, where O=x<1.0.

In another form, the superlattice is a quad-layered super-
lattice comprising repeating layers of four different metal
oxides.

In another form, the four different metal oxides are
selected from the group of consisting of Al,O;, Ga,0;,
MgO, NiO, LiO,, ZnO, Si0,, GeO,, Er,0,, Gd,0,, PdO,
Bi,0;, IrO,, (Ga,Ni;_)O;,, . (AL, Ni;_)Os .
(AlL,Mg, 05,1, (Ga, Mg, )O,.,,, (Al Zn,_)O,,,,,
(Gay,Zn,_ )01, (Ga,Bi,_,),0;. (ALBi,_,),0;,
(Al Ge, )0, (Gap,Ge )05, (ALIr,_,),0;.
(Ga,Ir,_),0;, (Ga,RE, )O;, (ALRE, )O;, (Al Li,_,)
O,,,, and (Ga,,Lis(_,))0,,,,, where O=x<1.0.

In another form, respective individual layers of the two or
more metal oxide layers forming the unit cell of the super-
lattice have a thickness less than or approximately equal to
an electron de Broglie wavelength in that respective indi-
vidual layer.

In another form, configuring the optical emission region
band structure for generating light of the predetermined
wavelength comprises modifying an initial optical emission
region band structure of the one or more epitaxial metal
oxide layers on forming the optoelectronic device.

In another form, modifying the initial optical emission
region band structure of the one or more epitaxial metal
oxide layers on forming the optoelectronic device comprises
introducing a predetermined strain to the one or more
epitaxial metal oxide layers during epitaxial deposition of
the one or more epitaxial metal oxide layers.

In another form, the predetermined strain is introduced to
modify the initial optical emission region band structure
from an indirect band gap to a direct band gap.
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In another form, the predetermined strain is introduced to
modify an initial bandgap energy of the initial optical
emission region band structure.

In another form, the predetermined strain is introduced to
modify an initial valence band structure of the initial optical
emission region band structure.

In another form, modifying the initial valence band struc-
ture comprises raising or lowering a selected valence band
with respect to the Fermi energy level of the optical emission
region.

In another form, modifying the initial valence band struc-
ture comprises modifying the shape of the valence band
structure to change localization characteristics of holes
formed in the optical emission region.

In another form, introducing the predetermined strain to
the one or more epitaxial metal oxide layers comprises
selecting a to be strained metal oxide layer having a com-
position and crystal symmetry type which, when epitaxially
formed on an underlying layer having a underlying layer
composition and crystal symmetry type, will introduce the
predetermined strain into the to be strained metal oxide
layer.

In another form, the predetermined strain is a biaxial
strain.

In another form, the underlying layer is a metal oxide
having a first crystal symmetry type and the to be strained
metal oxide layer also has the first crystal symmetry type but
with a different lattice constant to introduce the biaxial strain
into the to be strained metal oxide layer.

In another form, the underlying layer of metal oxide is
Ga,0; and the to be strained metal oxide layer is Al,O5, and
biaxial compression is introduced into the Al,O; layer.

In another form, the underlying layer of metal oxide is
Al,0O; and the to be strained layer of metal oxide is Ga,O,,
and biaxial tension is introduced into the Ga,O; layer.

In another form, the predetermined strain is a uniaxial
strain.

In another form, the underlying layer has a first crystal
symmetry type having asymmetric unit cells.

In another form, the to be strained metal oxide layer is
monoclinic Ga,0;, Al Ga,_ O or Al,O,, where x<0<1.

In another form, the underlying layer and the to be
strained layer form layers in a superlattice.

In another form, modifying an initial optical emission
region band structure of the one or more epitaxial metal
oxide layers on forming the optoelectronic device comprises
introducing a predetermined strain to the one or more
epitaxial metal oxide layers following epitaxial deposition of
the one or more epitaxial metal oxide layers.

In another form, the optoelectronic device comprises a
first conductivity type region comprising one or more epi-
taxial metal oxide layers having a first conductivity type
region band structure configured to operate in combination
with the optical emission region to generate light of the
predetermined wavelength.

In another form, configuring the first conductivity type
region band structure to operate in combination with the
optical emission region to generate light of the predeter-
mined wavelength comprises selecting a first conductivity
type region energy band gap greater than the optical emis-
sion region energy band gap.

In another form, configuring the first conductivity type
region band structure to operate in combination with the
optical emission region to generate light of the predeter-
mined wavelength comprises selecting the first conductivity
type region to have an indirect bandgap.
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In another form, configuring the first conductivity type
region band structure comprises one or more of: selecting an
appropriate metal oxide material or materials in line with the
principles and techniques considered in the present disclo-
sure in relation to the optical emission region; forming a
superlattice in line with the principles and techniques con-
sidered in the present disclosure in relation to the optical
emission region; and/or modifying the first conductivity
type region band structure by applying strain in line with the
principles and techniques considered in the present disclo-
sure in relation to the optical emission region.

In another form, the first conductivity type region is a
n-type region.

In another form, the optoelectronic device comprises a
second conductivity type region comprising one or more
epitaxial metal oxide layers having a second conductivity
type region band structure configured to operate in combi-
nation with the optical emission region and the first con-
ductivity type region to generate light of the predetermined
wavelength.

In another form, configuring the second conductivity type
region band structure to operate in combination with the
optical emission region to generate light of the predeter-
mined wavelength comprises selecting a second conductiv-
ity type region energy band gap greater than the optical
emission region energy band gap.

In another form, configuring the second conductivity type
region band structure to operate in combination with the
optical emission region to generate light of the predeter-
mined wavelength comprises selecting the second conduc-
tivity type region to have an indirect bandgap.

In another form, configuring the second conductivity type
region band structure comprises one or more of: selecting an
appropriate metal oxide material or materials in line with the
principles and techniques considered in the present disclo-
sure in relation to the optical emission region; forming a
superlattice in line with the principles and techniques con-
sidered in the present disclosure in relation to the optical
emission region; and/or modifying the first conductivity
type region band structure by applying strain in line with the
principles and techniques considered in the present disclo-
sure in relation to the optical emission region.

In another form, the second conductivity type region is a
p-type region.

In another form, the substrate is formed from a metal
oxide.

In another form, the metal oxide is selected from the
group consisting of Al,O;, Ga,0;, MgO, LiF, MgAl,O,,
MgGa,0,, LiGaO,, LiAlO,, (Al,Ga,_,),0;, LaAlO,, TiO,
and quartz.

In another form, the substrate is formed from a metal
fluoride.

In another form, the metal fluoride is MgF, or LiF.

In another form, the predetermined wavelength is in the
wavelength range of 150 nm to 700 nm.

In another form, the predetermined wavelength is in the
wavelength range of 150 nm to 280 nm.

In a third aspect, the present disclosure provides a method
for forming an optoelectronic semiconductor device config-
ured to emit light having a wavelength in the range from
about 150 nm to about 280 nm, the method comprising:
providing a metal oxide substrate having an epitaxial growth
surface; oxidizing the epitaxial growth surface to form an
activated epitaxial growth surface; and exposing the acti-
vated epitaxial growth surface to one or more atomic beams
each comprising high purity metal atoms and one or more
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atomic beams comprising oxygen atoms under conditions to
deposit two or more epitaxial metal oxide films.

In another form, the metal oxide substrate comprises an Al
or a Ga metal oxide substrate.

In another form, the one or more atomic beams each
comprising high purity metal atoms comprise any one or
more of the metals selected from the group consisting of Al,
Ga, Mg, Ni, Li, Zn, Si, Ge, Er, Y, La, Pr, Gd, Pd, Bi, Ir, and
any combination of the aforementioned metals.

In another form, the one or more atomic beams each
comprising high purity metal atoms comprise any one or
more of the metals selected from the group consisting of Al
and Ga, and the epitaxial metal oxide films comprise
(Al Ga,_,),0;, wherein O=x=1.

In another form, the conditions to deposit two or more
epitaxial metal oxide films comprise exposing the activated
epitaxial growth surface to atomic beams comprising high
purity metal atoms and atomic beams comprising oxygen
atoms at an oxygen:total metal flux ratio of >1.

In another form, at least one of the two or more epitaxial
metal oxide films provides a first conductivity type region
comprising one or more epitaxial metal oxide layers, and at
least another of the two or more epitaxial metal oxide films
provides a second conductivity type region comprising one
or more epitaxial metal oxide layers.

In another form, at least one of the two or more epitaxial
(Al Ga,_,),0, films provides a first conductivity type region
comprising one or more epitaxial (Al Ga,_,),0; layers, and
at least another of the two or more epitaxial (Al Ga,_,),0;
films provides a second conductivity type region comprising
one or more epitaxial (Al,Ga,_,),0; layers.

In another form, the substrate is treated prior to the
oxidizing step by high temperature (>800° C.) desorption in
an ultrahigh vacuum chamber (less than 5x10~'° Torr) to
form an atomically flat epitaxial growth surface.

In another form, the method further comprises monitoring
the surface in real-time to assess atomic surface quality.

In another form, the surface is monitored in real-time by
reflection high energy electron diffraction (RHEED).

In another form, oxidizing the epitaxial growth surface
comprises exposing the epitaxial growth surface to an oxy-
gen source under conditions to oxidize the epitaxial growth
surface.

In another form, the oxygen source is selected from one
or more of the group consisting of an oxygen plasma, ozone
and nitrous oxide.

In another form, the oxygen source is radiofrequency
inductively coupled plasma (RF-ICP).

In another form, the method further comprises monitoring
the surface in real-time to assess surface oxygen density.

In another form, the surface is monitored in real-time by
RHEED.

In another form, the atomic beams comprising high purity
Al atoms and/or high purity Ga atoms are each provided by
effusion cells comprising inert ceramic crucibles radiatively
heated by a filament and controlled by feedback sensing to
monitor the metal melt temperature within the crucible.

In another form, high purity elemental metals of 6N to 7N
or higher purity are used.

In another form, the method further comprises measuring
the beam flux of each Al and/or Ga and oxygen atomic beam
to determine the relative flux ratio prior to exposing the
activated epitaxial growth surface to the atomic beams at the
determined relative flux ratio.

In another form, the method further comprises rotating the
substrate as the activated epitaxial growth surface is exposed
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to the atomic beams so as to accumulate a uniform amount
of atomic beam intersecting the substrate surface for a given
amount of deposition time.

In another form, the method further comprises heating the
substrate as the activated epitaxial growth surface is exposed
to the atomic beams.

In another form, the substrate is heated radiatively from
behind using a blackbody emissivity matched to the below
bandgap absorption of the metal oxide substrate.

In another form, the activated epitaxial growth surface is
exposed to the atomic beams in a vacuum of from about
1x107° Torr to about 1x10~° Torr.

In another form, Al and Ga atomic beam fluxes at the
substrate surface are from about 1x10~® Torr to about
1x107° Torr.

In another form, oxygen atomic beam fluxes at the sub-
strate surface are from about 1x10-7 Torr to about 1x10-5
Torr.

In another form, the Al or Ga metal oxide substrate is
A-plane sapphire.

In another form, the Al or Ga metal oxide substrate is
monoclinic Ga,0;.

In another form, the two or more epitaxial (Al Ga,_,),O;
films comprise corundum type AlGaO;.

In another form, x=<0.5 for each of the two or more
epitaxial (Al,Ga,_,),0; films.

In a fourth aspect, the present disclosure provides a
method for forming a multilayer semiconducting device
comprising: forming a first layer having a first crystal
symmetry type and a first composition; and depositing in a
non-equilibrium environment a metal oxide layer having a
second crystal symmetry type and a second composition
onto the first layer, wherein depositing the second layer onto
the first layer comprises initially matching the second crystal
symmetry type to the first crystal symmetry type.

In another form, initially matching the second crystal
symmetry type to the first crystal symmetry type comprises
matching a first lattice configuration of the first crystal
symmetry type with a second lattice configuration of the
second crystal symmetry at a horizontal planar growing
interface.

In another form, matching the first and second crystal
symmetry types comprise substantially matching respective
end plane lattice constants of the first and second lattice
configurations.

In another form, the first layer is corundum Al,O; (sap-
phire) and the metal oxide layer is corundum Ga,O;.

In another form, the first layer is monoclinic Al,O; and
the metal oxide layer is monoclinic Ga,O;.

In another form, the first layer is R-plane corundum Al,O,
(sapphire) prepared under O-rich growth conditions and the
metal oxide layer is corundum AlGaO; selectively grown at
low temperatures (<550° C.).

In another form, the first layer is M-plane corundum
Al,O; (sapphire) and the metal oxide layer is corundum
AlGaO,.

In another form, the first layer is A-plane corundum Al,O,
(sapphire) and the metal oxide layer is corundum AlGaO;.

In another form, the first layer is corundum Ga,O; and the
metal oxide layer is.

Corundum Al,O; (sapphire).

In another form, the first layer is monoclinic Ga,O; and
the metal oxide layer is. Monoclinic Al,O; (sapphire).

In another form, the first layer is (-=201)-oriented mono-
clinic Ga,0O; and the metal oxide layer is. (=201)-oriented
monoclinic AlGaO;.
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In another form, the first layer is (010)-oriented mono-
clinic Ga,O; and the metal oxide layer is. (010)-oriented
monoclinic AlGaO;.

In another form, the first layer is (001)-oriented mono-
clinic Ga,O; and the metal oxide layer is. (001)-oriented
monoclinic AlGaO;.

In another form, the first and second crystal symmetry
types are different, and matching the first and second lattice
configuration comprises reorienting the metal oxide layer to
substantially matching the in-plane atomic arrangement at
the horizontal planar growing interface.

In another form, the first layer is C-plane corundum Al,O;
(sapphire) and wherein the metal oxide layer is any one of
monoclinic, triclinic or hexagonal AlGaO;.

In another form, the C-plane corundum Al,O; (sapphire)
is prepared under O-rich growth conditions to selectively
grow hexagonal AlGaO; at lower growth temperatures
(<650° C.).

In another form, the C-plane corundum Al,O; (sapphire)
is prepared under O-rich growth conditions to selectively
grow monoclinic AlGaO; at higher growth temperatures
(>650° C.) with Al % limited to approximately 45-50%.

In another form, where the R-plane corundum Al,O,
(sapphire) is prepared under O-rich growth conditions to
selectively grow monoclinic AlGaO; at higher growth tem-
peratures (>700° C.) with Al %<50%.

In another form, the first layer is A-plane corundum Al,O,
(sapphire) and wherein the metal oxide layer is (110)-
oriented monoclinic Ga,O;.

In another form, the first layer is (110)-oriented mono-
clinic Ga,0O; and wherein the metal oxide layer is corundum
AlGaO,.

In another form, the first layer is (010)-oriented mono-
clinic Ga,0O; and the metal oxide layer is. (111)-oriented
cubic MgGa,O,.

In another form, the first layer is (100)-oriented cubic
MgO and wherein the metal oxide layer is (100)-oriented
monoclinic AlGaO;.

In another form, the first layer is (100)-oriented cubic NiO
and the metal oxide layer is (100)-oriented monoclinic
AlGaO,

In another form, initially matching the second crystal
symmetry type to the first crystal symmetry type comprises
depositing, in a non-equilibrium environment, a buffer layer
between the first layer and the metal oxide layer wherein a
buffer layer crystal symmetry type is the same as the first
crystal symmetry type to provide atomically flat layers for
seeding the metal oxide layer having the second crystal
symmetry type.

In another form, the buffer layer comprises an O-termi-
nated template for seeding the metal oxide layer.

In another form, the buffer layer comprises a metal
terminated template for seeding the metal oxide layer.

In another form, the first and second crystal symmetry
types are selected from the group consisting of cubic,
hexagonal, orthorhombic, trigonal, rhombic and monoclinic.

In another form, the first crystal symmetry type and first
composition of the first layer and the second crystal sym-
metry type and second composition of the second layer are
selected to introduce a predetermined strain into the second
layer.

In another form, the first layer is a metal oxide layer.

In another form, the first and second layers form a unit cell
that is repeated with a fixed unit cell period to form a
superlattice.
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In another form, the first and second layers are configured
to have substantially equal but opposite strain to facilitate
forming of the superlattice without defects.

In another form, the method comprises depositing, in a
non-equilibrium environment, an additional metal oxide
layer having a third crystal symmetry type and a third
composition onto the metal oxide layer.

In another form, the third crystal type is selected from the
group consisting of cubic, hexagonal, orthorhombic, trigo-
nal, rhombic and monoclinic.

In another form, the multilayer semiconductor device is
an optoelectronic semiconductor device for generating light
of a predetermined wavelength.

In another form, the predetermined wavelength is in the
wavelength range of 150 nm to 700 nm.

In another form, the predetermined wavelength is in the
wavelength range of 150 nm to 280 nm.

In a fifth aspect, the present disclosure provides a method
for forming an optoelectronic semiconductor device for
generating light of a predetermined wavelength, the method
comprising: introducing a substrate; depositing in a non-
equilibrium environment a first conductivity type region
comprising one or more epitaxial layers of metal oxide;
depositing in a non-equilibrium environment an optical
emission region comprising one or more epitaxial layers of
metal oxide and comprising an optical emission region band
structure configured for generating light of the predeter-
mined wavelength; and depositing in a non-equilibrium
environment a second conductivity type region comprising
one or more epitaxial layers of metal oxide

In another form, the predetermined wavelength is in the
wavelength range of about 150 nm to about 700 nm. In
another form, the predetermined wavelength is in the wave-
length range of about 150 nm to about 425 nm. In one
example, bismuth oxide can be used to produce wavelengths
up to approximately 425 nm.

In another form, the predetermined wavelength is in the
wavelength range of about 150 nm to about 280 nm.

In yet another form, the optical emission efficacy is
controlled by the selection of the crystal symmetry type of
the optically emissive region. The optical selection rule for
electric-dipole emission is governed by the symmetry prop-
erties of the conduction band and valence band states as well
as the crystal symmetry type. An optically emissive region
having crystal structure possessing point group symmetry
can have a property of either a center-of-inversion symmetry
or non-inversion symmetry. Advantageous selection of crys-
tal symmetry to promote electric-dipole or magnetic-dipole
optical transitions are claimed herein for application to the
optically emissive region. Conversely, advantageous selec-
tion of crystal symmetry to inhibit electric-dipole or mag-
netic-dipole optical transitions are also possible for promot-
ing optically non-absorptive regions of the device.

By way of overview, FIG. 1 is a process flow diagram for
constructing an optoelectronic semiconductor optoelec-
tronic device in accordance with an illustrative embodiment.
In one example, the optoelectronic semiconductor device is
a UVLED and in a further example, the UVLED is config-
ured to generate a predetermined wavelength in the wave-
length region of about 150 nm to about 280 nm. In this
example, the construction process comprises selecting ini-
tially (i) the operating wavelength desired (e.g., a UVC
wavelength or lower wavelength) in step 10 and (ii) the
optical configuration of the devices in step 60 (e.g., a
vertically emissive device 70 where the light output vector
or direction is substantially perpendicular to the plane of the
epi-layers, or a waveguide device 75 where the light output
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vector is substantially parallel to the plane of the epilayers).
The optical emission characteristics of the device is imple-
mented in part by selection of semiconductor materials 20
and optical materials 30.

Taking the example of a UVLED, the optoelectronic
semiconductor device constructed in accordance with the
process illustrated in FIG. 1 will comprise an optical emis-
sion region based on the selected optical emission region
material 35 wherein a photon is created by the advantageous
spatial recombination of an electron in the conduction band
and a hole in the valence band. In one example, the optical
emission region comprises one or more metal oxide layers.

The optical emission region may be a direct bandgap type
band structure configuration. This can be an intrinsic prop-
erty of the materials(s) selected or can be tuned using one or
more of the techniques of the present disclosure. The optical
recombination or optical emission region may be clad by
electron and hole reservoirs comprising n-type and p-type
conductivity regions. The n-type and p-type conductivity
regions are selected from electron and hole injection mate-
rials 45 that may have larger bandgaps relative to the optical
emission region material 35, or can comprise an indirect
bandgap structure that limits the optical absorption at the
operating wavelength. In one example, the n-type and p-type
conductivity regions are formed of one or more metal oxide
layers.

Impurity doping of Ga,O; and low Al % AlGaO; is
possible for both n-type and p-type materials. N-type doping
is particularly favorable for Ga,0; and AlGaO;, whereas
p-type doping is more challenging but possible. Impurities
suitable for n-type doping are Si, Ge, Sn and rare-earths
(e.g., Erbium (Er) and Gadolinium (Gd)). The use of Ge-
fluxes for co-deposition doping control is particularly suit-
able. For p-type co-doping using group-III metals, Ga-sites
can be substituted via Magnesium (Mg**), Zinc (Zn**) and
atomic-Nitrogen (N>~ substitution for O-sites). Further
improvements can also be obtained using Iridium (Ir),
Bismuth (Bi), Nickel (Ni) and Palladium (Pd).

Digital alloys using NiO, Bi,0;, Ir,O; and PdO may also
be used in some embodiments to advantageously aid p-type
formation in Ga,O;-based materials. While p-type doping
for AlGaQ, is possible, alternative doping strategies are also
possible using cubic crystal symmetry metal oxides (e.g.
Li-doped NiO or Ni vacancy NiO, . ) and wurtzite p-type
Mg:GaN.

Yet a further opportunity is the ability to form highly polar
forms of hexagonal crystal symmetry and epsilon-phase
Ga,0; directly integrated to AlGaOj; thereby inducing polar-
ization doping in accordance with the principles and tech-
niques described and referred to in U.S. Pat. No. 9,691,938.
The optical materials 30 necessary for the confinement of
light in the device as differential changes in refractive index
also requires selection. For far or vacuum ultraviolet, the
selection of optically transparent materials ranges from
MgO to metal-fluorides, such as MgF,, LiF and the like. It
has been found in accordance with the present disclosure
that single crystal LiF and MgO substrates are advantageous
for the realization of UVLEDs.

The electrical materials 50 forming the contacts to the
electron and hole injector regions are selected from low- and
high-work function metals, respectively. In one example, the
metal ohmic contacts are formed in-situ directly on the final
metal oxide surface, as a result reducing any mid-level
traps/defects created at the semiconducting oxide-metal
interface. The device is then constructed in step 80.

FIGS. 2A and 2B show schematically a vertical emission
device 110 and waveguide emissive device 140 in accor-
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dance with illustrative embodiments. Device 110 has a
substrate 105 and emission structure 135. Similarly, device
140 has a substrate 155 and emission structure 145. Light
125 and 130 from device 110 and light 150 from device 140,
generated from the light generation region 120, propagates
through the device from region 120 and is confined by a light
escape cone defined by the difference in refractive indices at
the semiconductor-air interface. As metal oxide semicon-
ductors have extremely large bandgap energy, they have a
substantially lower refractive index compared to I1I-N mate-
rials. Therefore, the use of metal oxide materials provides an
improved light escape cone and therefore higher optical
output coupling efficiency compared to conventional emis-
sion devices. Waveguide devices having single mode and
multimode operation are also possible.

Broad area stripe waveguides can also be constructed
further utilizing elemental metals Al- or Mg-metal to
directly form ultraviolet plasmon guiding at the semicon-
ductor-metal interface. This is an efficient method for form-
ing waveguide structures. The E-k band structure for Al, Mg
and Ni will be discussed below. Once the desired materials
selections are available the process for constructing the
semiconductor optoelectronic device may occur at step 80
(see FIG. 1).

FIG. 3A depicts functional regions of the epitaxial struc-
ture of an optoelectronic semiconductor device 160 for
generating light of a predetermined wavelength according to
an illustrative embodiment.

A substrate 170 is provided with advantageous crystal
symmetry and in-plane lattice constant matching at the
surface to enable homoepitaxy or heteroepitaxy of a first
conductivity type region 175 with a subsequent non-absorb-
ing spacer region 180, an optical emission region 185, an
optional second spacer region 190 and a second conductivity
type region 195. In one example, the in-plane lattice con-
stant and the lattice geometry/arrangement are matched to
modify (i.e., reduce) lattice defects. Electrical excitation is
provided by a source 200 that is connected to the electron
and hole injection regions of the first and second conduc-
tivity type regions 175 and 195. ohmic metal contacts and
low-bandgap or semi-metallic zero-bandgap oxide semicon-
ductors are shown in FIG. 3B as regions 196, 197, 198 in
another illustrative embodiment.

First and second conductivity type regions 175 and 195
are formed in one example using metal oxides having wide
bandgap and are electrically contacted using ohmic contact
regions 197, 198 and 196 as described herein. In the case of
an insulating type substrate 170 the electrical contact con-
figuration is via ohmic contact region 198 and first conduc-
tivity type region 175 for one electrical conductivity type
(viz., electron or holes) and the other using ohmic contact
region 196 and second conductivity type region 195. Ohmic
contact region 198 may optionally be made to an exposed
portion of first conductivity type region 175. As the insu-
lating substrate 170 may further be transparent or opaque to
the operating wavelength, for the case of a transparent
substrate the lower ohmic contact region 197 may be utilized
as an optical reflector as part of an optical resonator in
another embodiment.

For the case of a vertical conduction device, the substrate
170 is electrically conducting and maybe either be transpar-
ent or opaque to the operating wavelength. Electrical or
ohmic contact regions 197 and 198 are disposed to advan-
tageously enable both electrical connection and optical
propagation within the device.

FIG. 3C illustrates schematically further possible electri-
cal arrangements for the electrical contact regions 196 and
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198 showing a mesa etched portion to expose lower con-
ductivity type regions 175 and 198. The ohmic contact
region 196 may further be patterned to expose a portion of
the device for light extraction.

FIG. 3D shows yet a further electrical configuration
wherein the insulating substrate 170 is used such that the
first conductivity type region 175 is exposed and an elec-
trical contact formed on a partially exposed portion of first
conductivity type region 175. For the case of an electrically
conductive and transparent substrate contact, ohmic contact
region 198 is not required and a spatially disposed electrical
contact region 197 is used.

FIG. 3E yet further shows a possible arrangement of an
optical aperture 199 etched partially or fully into an optically
opaque substrate 170 for the optical coupling of light
generated from optical emission region 185. The optical
aperture may be utilized with the previous embodiments of
FIGS. 3A-3D as well.

FIG. 4 shows schematically operation of optoelectronic
semiconductor device 160 wherein an example configura-
tion comprises an electron injection region 180 and a hole
injection region 190 with electrical bias 200 to transport and
direct mobile electrons 230 and holes 225 into the recom-
bination region 220. The resulting electron and hole recom-
bination forms a spatial optical emission region 185.

Extremely large energy bandgap (E) metal oxide semi-
conductors (E;>4 eV) may exhibit low mobility hole-type
carriers and may even be highly localized spatially—as a
result limiting the spatial extent for hole injection. The
region in the vicinity of the hole injection region 190 and
recombination region 220 may then become advantageous
for recombination process. Furthermore, the hole injection
region 190 itself may be the preferred region for injecting
electrons such that recombination region 220 is located
within a portion of hole injection region 190.

Referring now to FIG. 5, light or optical emission is
generated within the device 160 by selective spatial recom-
bination of electrons and holes to create high energy photons
240, 245 and 250 of a predetermined wavelength dictated by
the configuration of the band structure of the metal oxide
layer or layers forming the optical emission region 185 as
will be described below. The electrons and holes are both
instantaneously annihilated to create a photon that is a
property of the band structure of the metal oxide selected.

The light generated within optical emission region 185
can propagate within the device according to the crystal
symmetry of the metal oxide host regions. The crystal
symmetry group of the host metal oxide semiconductor has
definite energy and crystal momentum dispersion known as
the E-k configuration that characterizes the band structure of
various regions including the optical emission region 185.
The non-trivial E-k dispersions are fundamentally dictated
by the underlying physical atomic arrangements of definite
crystal symmetry of the host medium. In general, the pos-
sible optical polarizations, optical energy emitted and opti-
cal emission oscillator strengths are directly related to the
valence band dispersion of the host crystal. In accordance
with the present disclosure, embodiments advantageously
configure the band structure including the valence band
dispersion of selected metal oxide semiconductors for appli-
cation to optoelectronic semiconductor devices, such as for,
in one example, UVLED:s.

Light 240 and 245 generated vertically requires optical
selection rules of the underlying band structure to be ful-
filled. Similarly, there are optical selection rules for genera-
tion of lateral light 250. These optical selection rules can be
achieved by advantageous arrangement of the crystal sym-
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metry types and physical spatial orientation of the crystal for
each of the regions within the UVLED. Advantageous
orientation of the constituent metal oxide crystals as a
function of the growth direction is beneficial for optimal
operation of the UVLEDs of the present disclosure. Fur-
thermore, selection of the optical properties 30 in the process
flow diagram illustrated in FIG. 1 such as the refractive
index forming the waveguide type device is indicated for
optical confinement and low loss.

FIG. 6 further shows for completeness, another embodi-
ment comprising an optical aperture 260 disposed within
optoelectronic semiconductor device 160 to enable the use
of materials 195 which are opaque to the operating wave-
length to provide optical out coupling from optical emission
region 185.

FIG. 7 shows by way of overview, selection criteria 270
for one or more metal oxide crystal compositions in accor-
dance with illustrative embodiments. First, semiconductor
materials 275 are selected. The semiconductor materials 275
may include metal-oxide semiconductors 280, which may be
one or more of binary oxides, ternary oxides or quaternary
oxides. The recombination region 220 forming the optical
emission region 185 of optoelectronic semiconductor device
160 (for example see FIG. 5) is selected to exhibit efficient
electron-hole recombination whereas the conductivity type
regions are selected for their ability to provide sources of
electrons and holes. Metal oxide semiconductors can also be
created selectively from a plurality of possible crystal sym-
metry types even with the same species of constituent
metals. Binary metal oxides of the form A O, comprising
one metal species may be used, wherein the metal specie (A)
is combined with oxygen (O) in the relative proportions x
and y. Even with the same relative proportions x and y, a
plurality of crystal structure configurations are possible
having vastly different crystal symmetry groups.

As will be described below, compositions Ga,0; and
Al O, exhibit several advantageous and distinct crystal
symmetries (e.g., monoclinic, thombohedral, triclinic and
hexagonal) but require careful attention to the utility of
incorporating them and constructing a UVLED. Other
advantageous metal oxide compositions, such as MgO and
NiO, exhibit less variation in practically attainable crystal
structures, namely cubic crystals.

Addition of advantageous second dissimilar metal species
(B) can also augment a host binary metal oxide crystal
structure to create a ternary metal oxide of the form A, B,O,,.
Ternary metal oxides range from dilute addition of B-species
up to a majority relative fraction. As described below,
ternary metal oxides may be adopted for the advantageous
formation of direct bandgap optically emissive structures in
various embodiments. Yet further materials can be engi-
neered comprising three dissimilar cation-atom species
coupled to oxygen forming a quaternary composition
ABCO,.

In general, while a larger number (>4) of dissimilar metal
atoms can theoretically be incorporated to form complex
oxide materials—they are seldom capable of producing high
crystallographic quality with exceptionally distinct crystal
symmetry structures. Such complex oxides are in general
polycrystalline or amorphous and therefore lack optimal
utility for the applications to an optoelectronic device. As
will be apparent, the present disclosure seeks in various
examples substantially single crystal and low defect density
configurations in order to exploit the band structure to form
UVLED epitaxial formed devices. Some embodiments also
include achieving desirable E-k configurations by the addi-
tion of another dissimilar metal specie.



US 11,621,329 Bl

31

Selection of desired bandgap structures for each of the
UVLED regions of optoelectronic semiconductor device
160 may also involve integration of dissimilar crystal sym-
metry types. For example, a monoclinic crystal symmetry
host region and a cubic crystal symmetry host region com-
prising a portion of the UVLED may be utilized. The
epitaxial formation relationships then involve attention
toward the formation of low defect layer formation. The type
of layer formation steps are then classed 285 as homo-
symmetry and hetero-symmetry formation. To achieve the
goal of providing the materials forming the epilayer struc-
ture, band structure modifiers 290 can be utilized such as
biaxial strain, uniaxial strain and digital alloys such as
superlattice formation.

The epitaxy process 295 is then defined by the types and
sequence of material composition required for deposition.
The present disclosure describes new processes and com-
positions for achieving this goal.

FIG. 8 shows the epitaxy process 300 formation steps. At
step 310, a film formation substrate for supporting the
optical emission region is selected with desirable properties
of crystal symmetry type, and optical and electrical charac-
teristics. In one example, the substrate is selected to be
optically transparent to the operating wavelength and a
crystal symmetry compatible with the epitaxial crystal sym-
metry types required. Even though equivalent crystal sym-
metry of both the substrate and epitaxial film(s) can be used
there is also an optimization 315 for matching the in-plane
atomic arrangements, such as in-plane lattice constants or
advantageous co-incidence of in-plane geometry of respec-
tive crystal planes from dissimilar crystal symmetry types.

The substrate surface has a definite 2-dimensional crystal
arrangement of terminated surface atoms. In vacuum, on a
prepared surface this discontinuity of definite crystal struc-
ture results in a minimization of surface energy of the
dangling bonds of the terminated atoms. For example, in one
embodiment a metal oxide surface can be prepared as an
oxygen terminated surface or in another embodiment as a
metal-terminated surface. Metal oxide semiconductors can
have complex crystal symmetry, and pure specie termination
may require careful attention. For example, both Ga,0; and
Al,O; can be O-terminated by high temperature anneal in
vacuum followed by sustained exposure to atomic or
molecular oxygen at high temperature.

The crystal surface orientation 320 of the substrate can
also be selected to achieve selective film formation crystal
symmetry type of the epitaxial metal oxide. For example,
A-plane sapphire can be used to advantageously select
(110)-oriented alpha-phase formation high quality epitaxial
Ga,0;, AlGaO; and Al,0O;; whereas for C-plane sapphire
hexagonal and monoclinic Ga,O; and AlGaO; films are
generated. Ga,O; oriented surfaces are also used selectively
for film formation selection of AlGaO; crystal symmetry.

The growth conditions 325 are then optimized for the
relative proportions of elemental metal and activated oxygen
required to achieve the desired material properties. The
growth temperature also plays an important role in deter-
mining the crystal structure symmetry types possible. The
judicious selection of the substrate surface energy via appro-
priate crystal surface orientation also dictates the tempera-
ture process window for the epitaxial process during which
the epitaxial structure 330 is deposited.

A materials selection database 350 for the application
toward UVLED based optoelectronic devices is disclosed in
FIG. 9. Metal oxide materials 380 are plotted as a function
of their electron affinity energy 375 relative to vacuum.
Ordered from left to right, the semiconductor materials have
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increasing optical bandgap and accordingly have greater
utility for shorter wavelength operation UVLEDs. Using
lithium fluoride (LiF) as an example in this graph, LiF has
a bandgap 370 (represented as the box for each material)
which is the energy difference in electron volts between
conduction band minimum 360 and valence band maximum
365. The absolute energy positions represented by conduc-
tion band minimum 360 and valence band maximum 365 are
plotted with respect to the vacuum energy. While narrow
bandgap material such as rare-earth nitride (RE-N), germa-
nium (Ge), palladium-oxide (PdO) and silicon (Si) do not
offer suitable host properties for the optical emission region,
they can be used advantageously for electrical contact
formation. The use of intrinsic electron affinity of given
materials can be used to form ohmic contacts and metal-
insulator-semiconductor junctions as required.

Desirable materials combinations for use as a substrate
are bismuth-oxide (Bi,0;), nickel-oxide (NiO), germanium-
oxide (GeO,_,), gallium-oxide (Ga,0;), lithium-oxide
(L1,0), magnesium-oxide (MgO), aluminum-oxide (Al,0;),
single crystal quartz SiO,, and ultimately lithium-fluoride
355 (LiF). In particular, Al,O; (sapphire), Ga,0;, MgO and
LiF are available as large high-quality single crystal sub-
strates and may be used as substrates for UVLED type
optoelectronic devices in some embodiments. Additional
embodiments for substrates for UVLED applications also
include single crystal cubic symmetry magnesium aluminate
(MgAl,0,) and magnesium gallate (MgGa,O,). In some
embodiments, the ternary form of AlGaO; may be deployed
as a bulk substrate in monoclinic (high Ga %) and corundum
(high Al %) crystal symmetry types using large area forma-
tion methods such as Czochralski (CZ) and edge-fed growth
(EFG).

Considering host metal oxide semiconductors of Ga,O,
and Al,O;, in some embodiments alloying and/or doping via
elements selected from database 350 are advantageous for
film formation properties.

Therefore elements selected from Silicon (Si), Germa-
nium (Ge), Er (Erbium), Gd (Gadolinium), Pd (Palladium),
Bi (Bismuth), Ir (Iridium), Zn (Zinc), Ni (Nickel), Li
(Lithium), Magnesium (Mg) are desirable crystal modifica-
tion specie to form ternary crystal structures or dilute
additions to the Al,O;, AlGaO; or Ga,0; host crystals (see
semiconductors 280 of FIG. 7).

Further embodiments include selection of the group of
crystal modifiers selected from the group of Bi, Ir, Ni, Mg,
Li.

For application to the host crystals Al,O;, AlGaO; or
Ga,0O; multivalence states possible using Bi and Ir can be
added to enable p-type impurity doping. The addition of Ni
and Mg cations can also enable p-type impurity substitu-
tional doping at Ga or Al crystal sites. In one embodiment,
Lithium may be used as a crystal modifier capable of
increasing the bandgap and moditying the crystal symmetry
possible, ultimately toward orthorhombic crystal symmetry
lithium gallate (LiGaO,) and tetragonal crystal symmetry
aluminum-gallate (LiAlO,). For n-type doping Si and Ge
may be used as impurity dopants, with Ge offering improved
growth processes for film formation.

While other materials are also possible, the database 350
provides advantageous properties for application to
UVLED.

FIG. 10 depicts a sequential epitaxial layer formation
process flow 400 utilized to epitaxially integrate the material
regions as defined in optoelectronic semiconductor device
160 according to an illustrative embodiment.
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A substrate 405 is prepared with surface 410 configured to
accept a first conductivity type crystal structure layer(s) 415
which may comprise a plurality of epitaxial layers. Next first
spacer region composition layer(s) 420 which may comprise
a plurality of epitaxial layers is formed on layer 415. An
optical emission region 425 is then formed on layer 420, in
which region 425 may comprise a plurality of epitaxial
layers. A second spacer region 430 which may comprise a
plurality of epitaxial layers is then deposited on region 425.
A second conductivity type cap region 435 which may
comprise a plurality of epitaxial layers then completes a
majority of the UVLED epitaxial structure. Other layers may
be added to complete the optoelectronic semiconductor
device, such as ohmic metal layers and passive optical
layers, such as for optical confinement or antireflection.

Referring to FIG. 11, a possible selection of ternary metal
oxide semiconductors 450 is shown for the cases of Gal-
lium-Oxide-based (GaOx-based) compositions 485. Optical
bandgap 480 for various values of x in ternary oxide alloys
A B,_ O are graphed. As previously stated, metal oxides
may exhibit several stable forms of crystal symmetry struc-
ture which is further complicated by the addition of another
specie to form a ternary. However, the example general trend
can be found by selectively incorporating or alloying Alu-
minum, group-1I cations {Mg, Ni, Zn}, Iridium, Erbium and
Gadolinium atoms, as well as Lithium atoms advanta-
geously with Ga-Oxide. Ni and Ir typically form deep
d-bands but for high Ga % can form useful optical struc-
tures. Ir is capable of multiple valence states, where in some
embodiments the Ir,O, form is utilized.

Alloying one of X={Ir, Ni, Zn, Bi} into Ga X, O
decreases the available optical bandgap (refer to curves
labelled 451, 452, 453, 454). Conversely, alloying one of
Y={Al, Mg, Li, RE} increases the available bandgap of the
ternary Ga, Y, _ O (refer to curves 456, 457, 458, 459).

FIG. 11 can therefore be understood with application
toward forming the optically emissive and conductivity type
regions in accordance with the present disclosure.

Similarly, FIG. 12 discloses a possible selection of ternary
metal oxide semiconductors 490 for the cases of Aluminum-
Oxide-based (AlOx-based) compositions 485 in relation to
optical bandgap 480. Scrutinizing the curves, it can be seen
that alloying one of X={Ir, Ni, Zn, Mg, Bi, Ga, RE, Li} into
AL X, O decreases the available optical bandgap. The
group of Y={Ni, Mg, Zn} form spinel crystal structures but
all decreases the available bandgap of the ternary ALY, O
(refer to curves 491,492, 493, 494, 495, 496, 500, 501). FIG.
12 also shows the energy gap 502 of the alpha-phase
aluminum oxide (Al,O;) having rhombohedral crystal sym-
metry.

FIG. 12 can therefore be understood with application to
forming the optically emissive and conductivity type regions
in accordance with the present disclosure. Shown in FIG. 28
is a chart 2800 of potential ternary oxide combinations for
(0O=x<1) that may be adopted in accordance with the present
disclosure. Chart 2800 shows the crystal growth modifier
down the left-hand column and the host crystal across the
top of the chart.

FIGS. 13A and 13B are electron energy-vs-crystal
momentum representations of possible metal oxide based
semiconductors showing a direct bandgap (FIG. 13A) and
indirect bandgap (FIG. 13B) and are illustrative of concepts
related to the formation of optoelectronic devices in accor-
dance with the present disclosure. It is known by workers in
the field of quantum mechanics and crystal structure design
that symmetry directly dictates the electronic configuration
or band structure of a single crystal structure.
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In general, for application to optically emissive crystal
structures, there exists two classes of electronic band struc-
ture as shown in FIGS. 13A and 13B. The fundamental
process utilized in optoelectronic devices of the present
disclosure is the recombination of physical (massive) elec-
tron and hole particle-like charge carriers which are mani-
festations of the allowed energy and crystal momentum. The
recombination process can occur conserving crystal momen-
tum of the incident carriers from their initial state to the final
state.

To achieve a final state, wherein the electron and hole
annihilate to form a massless photon (i.e., momentum k, of
final state massless photon k,=0), requires a special E-k band
structure which is shown in FIG. 13A. A metal oxide
semiconductor structure having pure crystal symmetry can
be calculated using various computational techniques. One
such method is the Density Function Theory wherein first
principles can be used to construct an atomic structure
comprising distinction pseudopotentials attached to each
constituent atom comprising the structure. Iterative compu-
tational schemes for ab initio total-energy calculations using
a plane-wave basis can be used to calculate the band
structure due to the crystal symmetry and spatial geometry.

FIG. 13A represents the reciprocal space energy-versus-
crystal momentum or band structure 520 for a crystal
structure. The lowest lying conduction band 525 having

energy dispersion Ec(f) with respect to crystal momentum

vector k:f:(kxkylg) describes the allowed configuration
space for electrons. The highest lying valence band 535

having energy dispersion Ev(f) also describes the allowed
energy states for holes (positively charged crystal particles).

The dispersions 525 and 535 are plotted with respect to
the electron energy (increasing direction 530, decreasing
direction 585) in units of electron volts and the crystal
momentum in units of reciprocal space (positive K, 545
and negative K 5, 540 representing distinct crystal wavevec-
tors from the Brillouin zone center). The band structure 520
is shown at the highest symmetry point of the crystal
labelled as the F-point representing the band structure at
k=0. The bandgap is defined by the energy difference
between the minima and maxima of 525 and 535, respec-
tively. An electron propagating through the crystal will
minimize energy and relax to the conduction band minimum
565, similarly a hole will relax to the lowest energy state
580.

If 565 and 580 are simultaneously located at k=0 then a
direct recombination process can occur wherein the electron
and hole annihilate and create a new massless photon 570
with energy approximately equal to the bandgap energy 560.
That is, electron and holes at k=0 can recombine and
conserve crystal moment to create a massless particle—
termed a “direct’ bandgap material. As will be disclosed, this
situation is rare in practice with only a small subset of all
crystal symmetry type semiconductors exhibiting this
advantageous configuration.

Referring now to crystal structure 590 of FIG. 13B, where
the primary bands 525 and 620 of the band structure do not
have their respective minima 565 and maxima 610 at k=0,
this is termed an ‘indirect’ configuration. The minimum
bandgap energy 600 is still defined as the energy difference
between the conduction band minimum and the valence
band maximum which do occur at the same wavevector, and
is known as the indirect bandgap energy 600. Optical
emission processes are clearly not favorable as crystal
momentum cannot be conserved for the recombination event
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and requires secondary particles to conserve crystal momen-
tum, such as crystal vibrational quanta phonons. In metal
oxides, the longitudinal optical phonon energy scales with
bandgap and are in comparison very large to those found in
for example, GaAs, Si and the like.

It is therefore challenging to use indirect E-k configura-
tions for the purpose of optically emissive regions. The
present disclosure describes methods to manipulate an oth-
erwise indirect bandgap of a specific crystal symmetry
structure and transform or modify the zone-center k=0
character of the band structure into direct bandgap disper-
sion suitable for optical emission. These methods are now
disclosed for application to the manufacture of optoelec-
tronic devices and in particular to the fabrication of
UVLEDs.

Even if there exists a direct bandgap configuration, the
design selection is then confronted by specific crystal sym-
metry of given metal oxide having electric dipole selection
rules governed by the symmetry character group assigned to
each of the energy bands. For the case of Ga,O; and Al,O,
the optical absorption is governed between the lowest con-
duction band and the three topmost valence bands.

FIGS. 13C-13E show the optical emission and absorption
transition at k=0 with respect to a Ga,O, monoclinic crystal
symmetry. FIGS. 13C-13E each show three valence bands
E (k) 621, 622 and 623. In FIG. 13C, the optically allowed
electric dipole transition are shown for an electron 566 and
a hole 624 being allowed for optical polarization vectors
within the a-axis and c-axis of the monoclinic unit cell. With
respect to the reciprocal space E-k this corresponds to wave
vector 627 in the F-Y branches. Similarly, electric-dipole
transition between electron 566 and hole 625 in FIG. 13D
are allowed for polarizations along the c-axis 628 of the
crystal unit cell. Furthermore, higher energy transitions
between electron 566 and hole 626 in FIG. 13E are allowed
for optical polarization fields along the b-axis 629 of the unit
cell corresponding to the E-k (I'-X) branch.

Clearly, the magnitude of the energy transitions 630, 631
and 632 in FIGS. 13C, 13D and 13E respectively are
increasing with only the lowest energy transition favorable
for optical light emission. If, however, the Fermi energy
level (Er) is configured such that the lowest lying valence
band 621 is above E. and 622 below E., then optical
emission can occur at energy 631. These selection rules are
particularly useful when designing waveguide devices
which are optical polarization dependent for specific TE,
TM and TEM modes of operation.

By reference to the explanations above relating to band
structure, referring now to FIGS. 14A-14B these diagrams
show how these complex elements may be incorporated in
the device structure 160. Each functional region of the
UVLED has a specific E-k dispersion having both indirect
and direct type materials—which can also be due to dra-
matically different crystal symmetry types. This then allows
the optically emissive region to be embedded advanta-
geously within the device.

FIGS. 14A and 14B show the representations of complex
E-k materials by single blocks 633 defined by the layer
thickness 655, 660 and 665 and the fundamental bandgap
energy 640, 645 and 650, respectively. The relative align-
ments of the conduction and valence band edges are shown
in blocks 633. FIG. 14B represents the electron energy 670
versus a spatial growth direction 635 for three distinct
materials having bandgap energies 640, 645 and 650. For
example, a first region deposited along a growth direction
635 using an indirect type crystal but otherwise having a
final surface lattice constant geometry capable of providing
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mechanical elastic deformation of the subsequent crystal
645 is possible. For example, this can occur for the growth
of AlGaO; directly on Ga,0O;.

Epitaxial Fabrication Methods

Non-equilibrium growth techniques are known in the
prior art and are called Atomic and Molecular Beam Epitaxy,
Chemical Vapor Epitaxy or Physical Vapor Epitaxy. Atomic
and Molecular Beam Epitaxy utilizes atomic beams of
constituents directed toward a growth surface spatially sepa-
rate as shown FIG. 15. While molecular beams are also used
it is the combination of molecular and atomic beams which
may be used in accordance with the present disclosure.

One guiding principle is the use of pure constituent
sources that can be multiplexed at a growth surface through
favorable condensation and kinematically favored growth
conditions to physically build a crystal atomic layer by layer.
While the growth crystal can be substantially self-as-
sembled, the control of the present methods can also inter-
vene at the atomic level and deposit single specie atomic
thick epilayers. Unlike equilibrium growth techniques which
rely on the thermodynamic chemical potentials for bulk
crystal formation, the present techniques can deposit
extraordinarily thin atomic layers at growth parameters far
from the equilibrium growth temperature for a bulk crystal.

In one example, Al,O; films are formed at film formation
temperature in the range of 300-800° C., whereas the
conventional bulk equilibrium growth of Al,O,(Sapphire) is
produced well in excess of 1500° C. requiring a molten
reservoir containing Al and O liquid which can be config-
ured to position a solid seed crystal in close proximity to the
molten surface. Careful positioning of a seed crystal orien-
tation is placed in contact to the melt which forms a
recrystallized portion in the vicinity of the melt. Pulling the
seed and partially solidified recrystallized portion away from
the melt forms a continuous crystal boule.

Such equilibrium growth methods for metal oxides limit
the possible combinations of metals and the complexity of
discontinuous regions possible for heteroepitaxial formation
of complex structures. The non-equilibrium growth tech-
niques in accordance with the present disclosure can operate
at growth parameters well away from the melting point of
the target metal oxide and can even modulate the atomic
specie present in a single atomic layer of a unit cell of crystal
along a preselected growth direction. Such non-equilibrium
growth methods are not bound by equilibrium phase dia-
grams. In one example, the present methods utilize evapo-
rated source materials comprising the beams impinging
upon the growth surface to be ultrapure and substantially
charge neutral. Charged ions are in some cases created but
these should be minimized as best possible.

For the growth of metal oxides the constituent source
beams can be altered in a known way for their relative ratio.
For example, oxygen-rich and metal-rich growth conditions
can be attained by control of the relative beam flux measured
at the growth surface. While nearly all metal oxides grow
optimally for oxygen-rich growth conditions, analogous to
arsenic-rich growth of gallium arsenide GaAs, some mate-
rials are different. For example, GaN and AIN require metal
rich growth conditions with extremely narrow growth win-
dow, which are one of the most limiting reasons for high
volume production.

While metal oxides favor oxygen-rich growth with wide
growth windows—there are opportunities to intervene and
create intentional metal-deficient growth conditions. For
example, both Ga,O; and NiO favor cation vacancies for the
production of active hole conductivity type. A physical
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cation vacancy can produce an electronic carrier type hole
and thus favor p-type conduction.

Referring now to FIG. 41, and by way of overview, there
is shown a process flow diagram of a method 4100 for
forming an optoelectronic semiconductor device according
to the present disclosure. In one example the optoelectronic
semiconductor device is configured to emit light in the
wavelength of about 150 nm to about 280 nm.

At step 4110 a metal oxide substrate is provided having an
epitaxial growth surface. At step 4120, the epitaxial growth
surface is oxidized to form an activated epitaxial growth
surface. At step 4130, the activated epitaxial growth surface
is exposed to one or more atomic beams each comprising
high purity metal atoms and one or more atomic beams
comprising oxygen atoms under conditions to deposit two or
more epitaxial metal oxide films or layers.

Referring again to FIG. 15 there is shown an epitaxial
deposition system 680 for providing Atomic and Molecular
Beam Epitaxy in accordance with, in one example, method
4100 referred to in FIG. 41.

In one example, a substrate 685 rotates about an axis AX
and is heated radiatively by a heater 684 with emissivity
designed to match the absorption of a metal oxide substrate.
The high vacuum chamber 682 has a plurality of elemental
sources 688, 689, 690, 691, 692 capable of producing atomic
or molecular species as beams of a pure constituent of
atoms. Also shown are plasma source or gas source 693, and
gas feed 694 which is a connection to gas source 693.

For example, sources 689-692 may comprise effusion
type sources of liquid Ga and Al and Ge or precursor based
gases. The active oxygen sources 687 and 688 may be
provided via plasma excited molecular oxygen (forming
atomic-O and O, %), ozone (O,), nitrous oxide (N,O) and the
like. In some embodiments, plasma activated oxygen is used
as a controllable source of atomic oxygen. A plurality of
gases can be injected via sources 695, 696, 697 to provide
a mixture of different species for growth. For example,
atomic and excited molecular nitrogen enable n-type, p-type
and semi-insulating conductivity type films to be created in
GaOxide-based materials. The vacuum pump 681 maintains
vacuum, and mechanical shutters intersecting the atomic
beams 686 modulate the respective beam fluxes providing
line of sight to the substrate deposition surface.

This method of deposition is found to have particular
utility for enabling flexibility toward incorporating elemen-
tal species into Ga-Oxide based and Al-Oxide based mate-
rials.

FIG. 16 shows an embodiment of an epitaxial process 700
for constructing UVLEDs as a function of the growth
direction 705. Homo-symmetry type layers 735 can be
formed using a native substrate 710. The substrate 710 and
crystal structure epitaxy layers 735 are homo-symmetrical,
being labeled here as Type-1. For example, a corundum type
sapphire substrate can be used to deposit corundum crystal
symmetry type layers 715, 720, 725, 730. Yet another
example is the use of a monoclinic substrate crystal sym-
metry to form monoclinic type crystal symmetry layers
715-730. This is readily possible using native substrates for
growth of the target materials disclosed herein (e.g., see
Table I of FIG. 43A). Of particular interest is the growth of
epitaxial layer formations such as corundum AlGaO, having
a plurality of compositions of layers 715-730. Alternatively,
a monoclinic Ga,O; substrate 710 can be used to form a
plurality of monoclinic AlGaO3 compositions of layers
715-730.

Referring now to FIG. 17, a further epitaxial process 740
is illustrated that uses a substrate 710 with crystal symmetry
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that is inherently dissimilar to the target epitaxial metal
oxide epilayer crystal types of layers 745, 750, 755, 760.
That is, the substrate 710 is of crystal symmetry Type-1
which is hetero-symmetrical to the crystal structure epitaxy
765 that is made of layers 745, 750, 755, 760 that are all
Type-2.

For example, C-plane corundum sapphire can be used as
a substrate to deposit at least one of a monoclinic, triclinic
or hexagonal AlGaO, structure. Another example is the use
of (110)-oriented monoclinic Ga,O; substrate to epitaxially
deposit corundum AlGaO; structure. Yet a further example
is the use of a MgO (100) oriented cubic symmetry substrate
to epitaxially deposit (100)-oriented monoclinic AlGaOj,
films.

Process 740 can also be used to create corundum Ga,O,
modified surface 742 by selectively diffusing Ga-atoms into
the surface structure provided by the Al,O; substrate. This
can be done by elevating the growth temperature of the
substrate 710 and exposing the Al,O; surface to an excess of
Ga while also providing an O-atom mixture. For Ga-rich
conditions and elevated temperatures Ga-adatoms attach
selectively to O-sites and form a volatile sub-oxide Ga,0,
and further excess Ga diffuses Ga-adatoms into the Al,O,
surface. Under suitable conditions a corundum Ga,O; sur-
face structure results enabling lattice matching of Ga-rich
AlGaO; corundum constructions or thicker layers can result
in monoclinic AlGaO; crystal symmetry.

FIG. 18 describes yet another embodiment of a process
770 wherein a buffer layer 775 is deposited on the substrate
710, the buffer layer 775 having the same crystal symmetry
type as substrate 710 (Type-1), thereby enabling atomically
flat layers to seed alternate crystal symmetry types of layers
780, 785, 790 (Type 2,3 . . . N). For example, a monoclinic
buffer 775 is deposited upon a monoclinic bulk Ga,O,
substrate 710. Then cubic MgO and NiO layers 780-790 are
formed. In this figure, the hetero-symmetrical crystal struc-
ture epitaxy with the homo-symmetrical buffer layer is
labeled as structure 800.

FIG. 19 depicts yet a further embodiment of a process 805
showing sequential variation along a growth direction 705 of
a plurality of crystal symmetry types. For example, a corun-
dum Al,0; substrate 710 (Type-1) creates an O-terminated
template 810 which then seeds a corundum AlGaO; layer
815 of Type-2 crystal symmetry. A hexagonal AlGaO; layer
820 of Type-3 crystal symmetry can then be formed fol-
lowed by cubic crystal symmetry type (Type-N) such as a
MgO or NiO layer 830. The layers 815, 820, 825 and 830 are
collectively labeled in this figure as hetero-symmetrical
crystal structure epitaxy 835. Such crystal growth matching
is possible using vastly different crystal symmetry type
layers if in-plane lattice co-incidence geometry can occur.
While rare, this is found to be possible in the present
disclosure with (100)-oriented cubic Mg Ni, O (0=x=<l)
and monoclinic AlGaO, compositions. This procedure can
then be repeated along a growth direction.

Yet another embodiment is shown in FIG. 20A where the
substrate 710 of Type-1 crystal symmetry has a prepared
surface (template 810) seeding a first crystal symmetry type
815 (Type-2) which then can be engineered to transition to
another symmetry type 845 (Transition Type 2-3) over a
given layer thickness. An optional layer 850 can then be
grown with yet another crystal symmetry type (Type-N). For
example, C-plane sapphire substrate 710 forms a corundum
Ga,0; layer 815 which then relaxes to a hexagonal Ga,O;
crystal symmetry type or a monoclinic crystal symmetry
type. Further growth of layer 850 then can be used to form
a high quality relaxed layer of high crystal structure quality.
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The layers 815, 845 and 850 are collectively labeled in this
figure as hetero-symmetrical crystal structure epitaxy 855.

Referring now to FIG. 20B, there is shown a chart 860 of
the variation in a particular crystal surface energy 865 as a
function of crystal surface orientation 870 for the cases of
corundum-Sapphire 880 and monoclinic Gallia single crys-
tal oxide materials 875. It has been found in accordance with
the present disclosure that the crystal surface energy for
technologically relevant corundum Al,O; 880 and mono-
clinic substrates can be used to selectively form AlGaO,
crystal symmetry types.

For example, Sapphire C-plane can be prepared under
O-rich growth conditions to selectively grow hexagonal
AlGaOj; at lower growth temperature (<650° C.) and mono-
clinic AlGaO; at higher temperatures (>650° C.). Mono-
clinic AlGaQ, is limited to Al % of approximately 45-50%
owing to the monoclinic crystal symmetry having approxi-
mately 50% tetrahedrally coordinated bonds (TCB) and 50%
octahedrally coordinated bonds (OCB). While Ga can
accommodate both TCB and OCB, Al seeks in preference
the OCB sites. R-plane sapphire can accommodate corun-
dum AlGaO; compositions with Al % ranging 0-100%
grown at low temperatures of less than about 550° C. under
O-rich conditions and monoclinic AlGaO; with Al<50% at
elevated temperatures>700° C.

M-plane sapphire surprisingly provides yet an even more
stable surface which can grow exclusively corundum
AlGaO; composition for Al %=0-100%, providing atomi-
cally flat surfaces.

Even more surprising is the discovery of A-plane sapphire
surfaces presented for AlGaO,; which are capable of
extremely low defect density corundum AlGaO; composi-
tions and superlattices (see discussion below). This result is
fundamentally due to the fact that corundum Ga,O; and
corundum Al,O; both share exclusive crystal symmetry
structure formed by OCBs. This translates into very stable
growth conditions with a growth temperature window rang-
ing from room temperature to 800° C. This clearly shows
attention toward crystal symmetry designs that can create
new structural forms applicable to LEDs such as UVLEDs.

Similarly, native monoclinic Ga,O; substrates with
(-201)-oriented surfaces can only accommodate monoclinic
AlGaO; compositions. The Al % for (-201)-oriented films is
significantly lower owing to the TCB presented by the
growing crystal surface. This does not favor large Al frac-
tions but can be used to form extremely shallow MQWs of
AlGa0,/Ga,0,.

Surprisingly the (010)- and (001)-oriented surface of
monoclinic Ga,O; can accommodate monoclinic AlGaO,
structures of exceedingly high crystal quality. The main
limitation for AlGaO; Al % is the accumulation of biaxial
strain. Careful strain management in accordance with the
present disclosure using AlGaO;/Ga,O; superlattices also
finds a limiting Al %<40%, with higher quality films
achieved using (001)-oriented Ga,O; substrate. Yet a further
example of (010)-oriented monoclinic Ga,O; substrates is
the extremely high quality lattice matching of MgGa,O,
(111)-oriented films having cubic crystal symmetry struc-
tures.

Similarly, MgAl,O, crystal symmetry is compatible with
corundum AlGaO; compositions. It is also found experi-
mentally in accordance with the present disclosure that
(100)-oriented Ga,O, provides an almost perfect coinci-
dence lattice match for cubic MgO(100) and NiO(100)
films. Even more surprising is the utility of (110)-oriented
monoclinic Ga,0O; substrates for the epitaxial growth of
corundum AlGaO,.
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These unique properties provide for the selective utility of
Al,O; and Ga,O; crystal symmetry type substrates, as an
example, with the selective use of crystal surface orienta-
tions to offer many advantages for the fabrication of LEDs
and in particular UVLED.

In some embodiments, conventional bulk crystal growth
techniques may be adopted to form corundum AlGaO,
composition bulk substrates having corundum and mono-
clinic crystal symmetry types. These ternary AlGaO; sub-
strates can also prove valuable for application to UVLED
devices.

Band Structure Modifiers

Optimizing the A1GaO; band structure can be achieved by
careful attention to the structural deformations of a given
crystal symmetry type. For application to a solid-state, and
in particular a semiconductor-based electro-optically driven
ultraviolet emissive device, the valence band structure
(VBS) is of major importance. It is typically the VBS E-k
dispersion which determines the efficacy for the creation of
optical radiation by direct recombination of electrons and
holes. Therefore, attention is now directed toward valence
band tuning options for achieving in one example UVLED
operation.

Configuring of the Band Structure by Bi-Axial Strain

In some embodiments, selective epitaxial deposition of
AlGaOj; crystal structures can be formed under the elastic
structural deformation by the use of composition control or
by using a surface crystal geometric arrangement that can
epitaxially register the AlGaO; film while still maintaining
an elastic deformation of the AlGaO; unit cell.

For example, FIGS. 21A-21C depict the change in E-k
band structure in the vicinity of the Brillouin zone-center
(k=0) which favors e-h recombination for generating band-
gap energy photons under the influence of bi-axial strain
applied to the crystal unit cell. The band structures for both
corundum and monoclinic Al,O; are direct. Depositing
Al,O;, Ga, 05 or AlGaOj; thin films onto a suitable surface
which can elastically strain the in-plane lattice constant of
the film may be achieved and engineered in accordance with
the present disclosure.

The lattice constant mismatches between Al,O; and
Ga,O; are shown in Table II of FIG. 43B. The ternary alloys
can be roughly interpolated between the end point binaries
for the same crystal symmetry type. In general, an Al,O;,
film deposited on a Ga,0; substrate conserving crystal
orientations will create the Al,O; film in biaxial tension,
whereas a Ga,O, film deposited on an Al,O; substrate
having the same crystal orientation will be in a state of
compression.

The monoclinic and corundum crystals have non-trivial
geometric structures with relatively complex strain tensors
compared to conventional cubic, zinc-blende or even wurtz-
ite crystals. The general trend observed on E-k dispersion in
vicinity of the BZ center is shown in FIGS. 21A-21B. For
example, diagram 890 of FIG. 21A describes a c-plane
corundum crystal unit cell 894 having a strain free (6=0) E-k
dispersion, with conduction band 891 and valence band 892
separated by a bandgap 893. Biaxial compression of the unit
cell 899 in diagram 895 of FIG. 21B changes the dispersion
by hydrostatically lifting the conduction band, e.g., see
conduction band 896 and warping the E-k curvature of the
valence band 897. The compressively strained (0<0) band-
gap 898 is generally increased B, %>E ™.

Conversely, as shown in diagram 900 of FIG. 21C, biaxial
tension applied to the unit cell 904 has the effect of reducing
the bandgap 903 E.°°>E;"°, lowering the conduction
band 901 and flattening the valence band curvature 902. As
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the valence band curvature is directly related to the hole
effective mass, a larger curvature decreases the effective
hole mass, whereas smaller curvature (i.e., flatter E-k bands)
increase the hole effective mass (note: a totally flat valence
band dispersion potentially creates immobile holes). There-
fore, it is possible to improve the Ga,O; valence band
dispersion by judicious choice of biaxial strain via the
epitaxy on a suitable crystal surface symmetry and in-plane
lattice structure.

Configuring of the Band Structure by Uni-Axial Strain

Of particular interest is the possibility of using uniaxial
strain to advantageously modify the valence band structure
as shown in FIGS. 22A and 22B, where reference numbers
in FIG. 22A correspond to those of FIG. 21A. For example,
in-plane uniaxial deformation of the unit cell 894 along
substantially one crystal direction as shown in unit cell 909
will asymmetrically deform the valence band 907 as shown
in diagram 905, which also shows conduction band 906 and
bandgap 908.

For the case of monoclinic and corundum crystal sym-
metry films, similar behavior will occur and can be shown
via the growth of elastically strained superlattice structures
comprising  Al,0,/Ga,0;, Al Ga, ,0,/Ga,0, and
Al Ga,_,0;/Al,0; on Al,O; and Ga,O;, substrates. Such
structures have been grown in relation to the present dis-
closure, and the critical layer thickness (CLT) was found to
depend on the surface orientation of the substrate and be in
the range of 1-2 nm to about 50 nm for binary Ga,O; on
Sapphire. For monoclinic Al Ga,_, O;x, x<10% the CLT can
exceed 100 nm on Ga,0O;.

Uniaxial strain can be implemented by growth on crystal
symmetry surface with surface geometries having asymmet-
ric surface unit cells. This is achieved in both corundum and
monoclinic crystals under various surface orientations as
described in FIG. 20B, although other surface orientation
and crystals are also possible, for example, MgO(100),
MgAl,0,(100), 4H-SiC(0001), ZnO(111), Er,0,(222) and
AIN(0002) among others.

FIG. 22B shows the advantageous deformation of the
valence band structure for the case of a direct bandgap. For
the case of an indirect bandgap E-k dispersion, such as, thin
monolayered monoclinic Ga,0O;, the valence band disper-
sion can be tuned from an indirect to a direct band gap as
shown in FIG. 23A or 23B transitioning to FIG. 23C.
Consider the strain-free band structure 915 of FIG. 23B
having conduction band 916, valence band 917, bandgap
918 and valence band maximum 919. Similarly, compres-
sive structure 910 of FIG. 23 A shows conduction band 911,
valence band 912, bandgap 913 and valence band maximum
914. Tensile structure 920 of FIG. 23C shows conduction
band 921, valence band 922, bandgap 923 and valence band
maximum 924. Detailed calculations and experimental angle
resolved photoelectron spectroscopy (ARPES) can show
that compressive and tensile strain applied to thin films of
Ga,0; can warp the valence band as shown in structures 910
and 920 for the cases of compressive (valence band 912) and
tensile (valence band 922) uniaxial strain applied along the
b-axis or c-axis of the monoclinic Ga,O; unit cell.

As shown by these figures, strain plays an important role
which typically will require management for complex epi-
taxy structure. Failure to manage the strain accumulation is
likely to result in relief of the elastic energy within the unit
cell by the creation of dislocations and crystallographic
defects which reduce the efficiency of the UVLED.
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Configuration of the Band Structure by Application of
Post Growth Stress

While the above techniques involve the introduction of
stresses in the form of uni-axial or bi-axial strain during
forming of the layers, in other embodiments external stress
may be applied following formation or growing of the layers
or layers of metal oxide to configure the band structure as
required. Illustrative techniques that may be adopted to
introduce these stresses are disclosed in U.S. Pat. No.
9,412,911.

Configuration of the Band Structure by Selection of
Compositional Alloy

Yet another mechanism which is utilized in the present
disclosure and applied to optically emissive metal oxide
based UVLED:s is the use of compositional alloying to form
ternary crystal structures with a desirable direct bandgap. In
general, two distinct binary oxide material compositions are
shown in FIGS. 24 A and 24B. Band structure 925 comprises
metal oxide A-O with crystal structure material 930 built
from metal atoms 928 and oxygen atoms 929 having con-
duction band 926, valence band dispersion 927 and direct
bandgap 931. Another binary metal oxide B—O has a crystal
structure material 940 built from a different metal cation 938
of type B and oxygen atoms 939 and has an indirect band
structure 935 with conduction band 936, bandgap 941 and
valence band dispersion 937. In this example, the common
anion is oxygen, and both A-O and B—O have the same
underlying crystal symmetry type.

In the case where a ternary alloy may be formed by
mixing cation sites with metal atoms A and B within an
otherwise similar oxygen matrix to form (A-O) (B—0),_,
this will result in an A B, _ O composition with the same
underlying crystal symmetry. On this basis, it is then pos-
sible to form a ternary metal oxide with valence band mixing
effect as shown in FIG. 25B (Note: FIGS. 25A and 25C
reproduce FIGS. 24A and 24B). The direct valence band
dispersion 927 of A-O crystal structure material 930 alloyed
with B—O crystal structure material 940 having indirect
valence band dispersion 937 can produce a ternary material
948 that exhibits improved valence band dispersion 947, and
having conduction band 946 and bandgap 949. That is,
atomic species A of material 930 incorporated into B-sites of
material 940 can augment the valence band dispersion.
Atomistic Density Functional Theory calculations can be
used to simulate this concept which will fully account for the
pseudopotentials of the constituent atoms, strain energy and
crystal symmetry.

Accordingly, alloying corundum Al,O; and Ga,O; can
result in a direct bandgap for the band structure of the
ternary metal oxide alloy and can also improve the valence
band curvature of monoclinic crystal symmetry composi-
tions.

Configuration of the Band Structure by Selection of
Digital Alloy Fabrication

While ternary alloy compositions such as AlGaO; are
desirable, an equivalent method for creating a ternary alloy
is by the use of digital alloy formation employing superla-
ttices (SLs) built from periodic repetitions of at least two
dissimilar materials. If the each of the layers comprising the
repeating unit cell of the SL are less than or equal to the
electron de Broglie wavelength (typically about 0.1 to 10’s
of nm) then the superlattice periodicity forms a ‘mini-
Brillouin zone’ within the crystal band structure as shown in
FIG. 27A. In effect, a new periodicity is superimposed over
the inherent crystal structure by the formation of the prede-
termined SL structure. The SL periodicity is typically in the
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one-dimension of the epitaxial film formation growth direc-
tion.

In the graph 950 of FIG. 26, consider the valence band
states 953 native to material 955, and valence band states
954 from material 956. The E-k dispersion shows an energy
gap 957 along the energy axis 951 for region 958, and a first
Brillouin zone edge 959 relative to k=0. Region 958 is a
forbidden energy gap (AE) between the energy band states
953 and 954, which are the bulk-like energy bands of
materials 955 and 956. If material A and B form a superla-
ttice 968 as shown in FIG. 27B and the SL period Ly, is
selected to be a multiple (e.g., Lg;=2a,,) of the average
lattice constant a, , of A and B, then new states 961, 962, 963
and 964 are generated as shown in FIG. 27A. The superla-
ttice energy potential therefore creates a SL band gap 967 at
k=0. This effectively folds the energy band 953 from the first
bulk Brillouin zone edge 959 to k=0. That is, when making
a superlattice using the two materials 955 and 956 into
ultrathin layers (thicknesses 970 and 971, respectively)
forming a periodic repeating unit 969, the original bulk-like
valence band states 953 and 954 are folded into new energy
band states 961, 962 and 963 and 964. Stated another way,
the superlattice potential creates a new energy dispersion
structure comprising band states 961, 962, 963 and 964. As
the superlattice period imposes a new spatial potential, the
Brillouin zone is contracted to wavevector 975.

This type of SL structure in FIG. 27B can be created using
bi-layered pairs comprising in different examples:
Al Ga,_0/Ga,05, Al,Ga,_05/A,05, Al,04/Ga,0; and
Al Ga,_, O5/A1 Ga,_ O,.

The general use of SLs to configure an optoelectronic
device is disclosed in U.S. Pat. No. 10,475,956.

FIG. 27C shows the SL structure for the case of a digital
binary metal oxide comprising Al,Oj layers 983 and Ga,O;
layers 984. The structure is shown in terms of electron
energy 981 as a function of epitaxial growth direction 982.
The period of the SL forming the repeating unit cell 980 is
repeated in integer or half-integer repetitions. For example,
the number of repetitions can vary from 3 or more periods
and even up to 100 or 1000 or more. The average Al %
content of the equivalent digital alloy Al,Ga,_,0 is calcu-
lated as

Lano
SL 203
A

=T
Lun05 + LGayos

where LAI,O; is the layer thickness of Al,O; and
Lg,,0,=thickness of Ga,0; layer.

Yet further examples of SL structures possible are shown
in FIGS. 27D-27F.

The digital alloy concept can be expanded to other
dissimilar crystal symmetry types, for example cubic NiO
987 and monoclinic Ga,0; 986 as shown in FIG. 27D where
the digital alloy 985 simulates an equivalent ternary
(Ni0),(Ga,03),_, bulk alloy.

Yet a further example is shown in digital alloy 990 of FIG.
27E using cubic MgO layers 991 and cubic NiO layers 992
comprising the SL. In this example, MgO and NiO have a
very close lattice match, unlike Al,O; and Ga,O, which are
high lattice mismatched.

A four layer period SL996 is shown in the digital alloy
995 of FIG. 27F where cubic MgO and NiO with oriented
growth along (100) can coincidence lattice match for (100)-
oriented monoclinic Ga,0O;. Such a SL would have an
effective quaternary composition of Ga,Ni,Mg O,,.
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Al—Ga-Oxide Band Structures

The UVLED component regions can be selected using
binary or ternary Al Ga,_ O; compositions either bulk-like
or via digital alloy formation. Advantageous valence band
tuning using bi-axial or uniaxial strain is also possible as
described above. An example process flow 1000 is shown in
FIG. 29 describing the possible selection criteria for select-
ing at least one of the crystal modification methods to form
the bandgap regions of the UVLED.

At step 1005, the configuration of the band structure is
selected including, but not limited to, band structure char-
acteristics such as whether the band gap is direct or indirect,
band gap energy, E,,,;, carrier mobility, and doping and
polarization. At step 1010, it is determined whether a binary
oxide may be suitable and further whether that band struc-
ture of the binary oxide may be modified (i.e., tuned) at step
1015 to meet requirements. If the binary oxide material
meets the requirements then this material is selected for the
relevant layer at step 1045 in the optoelectronic device. If a
binary oxide is not suitable, then it is determined whether a
ternary oxide may be suitable at step 1025 and further
whether the band structure of the ternary oxide may be
modified at step 1030 to meet requirements. If the ternary
oxide meets requirements then this material is selected for
the relevant layer at step 1045.

If a ternary oxide is not suitable, then it is determined
whether a digital alloy may be suitable at step 1035 and
further whether the band structure of the digital alloy may be
modified at step 1040 to meet requirements. If the digital
alloy meets requirements then this material is selected for
the relevant layer at step 1045. Following determination of
the layers by this method, then the optoelectronic device
stack is fabricated at step 1048.

An embodiment of an energy band lineup for A1,O; and
Ga,0, with respect to the ternary alloy Al Ga,_ O, is shown
in diagram 1050 of FIG. 30 and varies in conduction and
valence band offsets for corundum and monoclinic crystal
symmetry. In diagram 1050 the y-axis is electron energy
1051 and the x-axis is different material types 1053 (AL,O;
1054, (Ga, Al,)O; 1055 and Ga,O; 1056). Corundum and
monoclinic heterojunctions both appear to have type-I and
type-II offsets whereas FIG. 30 simply plots the band
alignment using existing values for the electron affinity of
each material.

The theoretical electronic band structures of corundum
and monoclinic bulk crystal forms of Al,O; and Ga,O; are
known in the prior art. The application of strain to thin
epitaxial films is however unexplored and is a subject of the
present disclosure. By way of reference to the bulk band
structures of Ga,O; 1056 and Al,O; 1054, embodiments of
the present disclosure utilize how strain engineering can be
applied advantageously for the application to UVLEDs.
Incorporation of the monoclinic and trigonal strain tensor
into a k.p-like Hamiltonian is necessary for understanding
how the valence band is affected. Prior-art k.p crystal models
as applied to zinc-blende and wurtzite crystal symmetry
systems lack maturity for simulation of both the monoclinic
and trigonal systems. Current efforts are being directed to
perform a calculation of in the quadratic approximation to a
valence band Hamiltonian at the center of the Brillioun zone
of materials where this center possess the symmetry of the
point group C2,.

Single Crystal Aluminum-Oxide

The two main crystal forms of monoclinic (C2m) and
corundum (R3c) crystal symmetry is discussed herein for
both Al,O; and Ga,0O;; however, other crystal symmetry
types are also possible such as triclinic and hexagonal forms.
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The other crystal symmetry forms can also be applied in
accordance with the principles set out in the present disclo-
sure.

(a) Corundum Symmetry Al,O;

The crystal structure of trigonal Al,O; (corundum) 1060
is shown in FIG. 31. The larger spheres represent Al-atoms
1064 and the smaller spheres are oxygen 1063. The unit cell
1062 has crystal axes 1061. Along the c-axis there are layers
of Al atoms and O atoms. This crystal structure has a
computed band structure 1065 as shown in FIGS. 32A-32B.
The electron energy 1066 is plotted as a function of the
crystal wave vectors 1067 within the Brillouin zone. The
high symmetry points within the Brillouin zone are labelled
as shown in the vicinity of the zone center k=0 which is
applicable to understand the optical emission properties of
the material.

The direct bandgap has valence band maximum 1068 and
conduction band minimum 1069 at k=0. A detailed picture
of'the valence band in FIG. 32B shows a complex dispersion
for the two uppermost valence bands. The topmost valence
band determines the optical emission character if electrons
and holes are indeed capable of being injected simultane-
ously into the Al,O, band structure.

(b) Monoclinic Symmetry Al,O;

The crystal structure 1070 of monoclinic Al,O; is shown
in FIG. 33. The larger spheres represent Al-atoms 1064 and
the smaller spheres are oxygen 1063. The unit cell 1072 has
crystal axes 1071. This crystal structure has a computed
band structure 1075 as shown in FIGS. 34A-34B, where
FIG. 34B is a detailed picture of the valence band. FIG. 34A
also shows conduction band 1076. The high symmetry
points within the Brillouin zone are labelled as shown in the
vicinity of the zone center k=0 which is applicable for
understanding the optical emission properties of the mate-
rial.

The monoclinic crystal structure 1070 is relatively more
complex than the trigonal crystal symmetry and has lower
density and smaller bandgap than the corundum Sapphire
1060 form illustrated in FIG. 31.

The monoclinic Al,O; form also has a direct bandgap
with clear split-off highest valence band 1077 which has
lower curvature with respect to the E-k dispersion along the
G-X and G-N wave vectors. The monoclinic bandgap is ~1.4
eV smaller than the corundum form. The second highest
valence band 1078 is symmetry split from the upper most
valence band.

Single Crystal Gallium-Oxide

(a) Corundum Symmetry Ga,O,

The crystal structure of trigonal Ga,O; (corundum) 1080
is shown in FIG. 35. The larger spheres represent Ga-atoms
1084 and the smaller spheres are oxygen 1083. The unit cell
1082 has crystal axes 1081. The corundum (trigonal crystal
symmetry type) is also known as the alpha-phase. The
crystal structure is identical to Sapphire 1060 of FIG. 31
with lattice constants defining the unit cell 1082 shown in
Table II of FIG. 43B. The Ga,O; unit cell 1082 is larger than
AL, O;. The corundum crystal has octahedrally bonded Ga-
atoms.

The calculated band structure 1085 for corundum Ga,O,
is shown in FIGS. 36A and 36B which is pseudo-direct
having only a very small energy difference between the
valence band maximum and the valence band energy 1087
at the zone center k=0. Conduction band 1086 is also shown
in FIG. 36A.

Biaxial and uniaxial strain when applied to corundum
Ga,0; using the methods described above may then be used
to modify the band structure and valence band into a direct
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bandgap. Indeed it is possible to use tensile strain applied
along the b- and/or c-axes crystal to shift the valence band
maximum to the zone center. It is estimated that ~5% tensile
strain can be accommodated within a thin Ga,O; layer
comprising an Al,0,/Ga,0; SL.

(b) Monoclinic Symmetry Ga,O;

The crystal structure of monoclinic Ga,O; (corundum)
1090 is shown in FIG. 37. The larger spheres represent
Ga-atoms 1084 and the smaller spheres are oxygen 1083.
The unit cell 1092 has crystal axes 1091. This crystal
structure has a computed band structure 1095 as shown in
FIGS. 38A-38B. The high symmetry points within the
Brillouin zone are labelled as shown in the vicinity of the
zone center k=0 which is applicable for understanding the
optical emission properties of the material. Conduction band
1096 is also shown in FIG. 38A.

Monoclinic Ga,Oj; has an uppermost valence 1097 with a
relatively flat E-k dispersion. Close inspection reveals a few
eV (less than the thermal energy kzT-25 meV) variation in
the actual maximum position of the valence band. The
relatively small valence dispersion provides insight to the
fact that monoclinic Ga,O; will have relatively large hole
effective masses and will therefore be relatively localized
with potentially low mobility. Thus, strain can be used
advantageously to improve the band structure and in par-
ticular the valence band dispersion.

Ternary Aluminum-Gallium-Oxide

Yet another example of the unique properties of the
AlGaO; materials system is demonstrated by the crystal
structures 1100 as shown in FIG. 39, having crystal axes
1101 and unit cell 1102. The ternary alloy comprises a 50%
Al composition.

(AL, Ga,_,),0;, where x=0.5 and can be deformed into
substantially different crystal symmetry form having rhom-
bic structure. The Ga atoms 1084 and Al atoms 1064 are
disposed within the crystal as shown with oxygen atoms
1083. Of particular interest is the layered structure of Al and
Ga atom planes. This type of structure can also be built using
atomic layer techniques to form an ordered alloy as
described throughout this disclosure.

The calculated band structure of 1105 is shown in FIG. 40.
The conduction band minimum 1106 and valence band
maximum 1107 exhibits a direct bandgap.

Ordered Ternary AlGaO, Alloy

Using atomic layer epitaxy methods further enables new
types of crystal symmetry structures to be formed. For
example, some embodiments include ultrathin epilayers
comprising alternate sequences along a growth direction of
the form of [Al—O—Ga—O—Al—. . . ]. Structure 1110 of
FIG. 42 shows one possible extreme case of creating ordered
ternary alloys using alternate sequences 1115 and 1120. It
has been demonstrated in relation to the present disclosure
that growth conditions can be created where self-ordering of
Al and Ga can occur. This condition can occur even under
coincident Al and Ga fluxes simultaneously applied to the
growing surface resulting in a self-assembled ordered alloy.
Alternatively, a predetermined modulation of the Al and Ga
fluxes arriving at the epilayer surface can also create an
ordered alloys structure.

The ability to configure the band structure for optoelec-
tronic devices, and in particular UVLEDS, by selecting from
bulk-like metal oxides, ternary compositions or further still
digital alloys are all contemplated to be within the scope of
the present disclosure.

Yet another example is the use of biaxial and uniaxial
strain to modify the band structure, with one example being
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the use of the (Al Ga,_,),0; material system employing
strained layer epitaxy on Al,O, or Ga,O; substrates.

Substrate Selection for AlGaO-Based UVLEDs

The selection of a native metal oxide substrate is one
advantage of the present disclosure applied to the epitaxy of
the (Al Ga,_,),O; material systems using strained layer
epitaxy on Al,O; or Ga,O; substrates.

Example substrates are listed in Table I in FIG. 43A. In
some embodiments, intermediate AlGaO, bulk substrates
may also be utilized and are advantageous for application to
UVLED:s.

A beneficial utility for monoclinic Ga,O; bulk substrates
is the ability to form monoclinic (AL Ga,_,),O; structures
having high Ga % (e.g., approximately 30-40%), limited by
strain accumulation. This enables vertical devices due to the
ability of having an electrically conductive substrate. Con-
versely, the use of corundum Al,O; substrates enable corun-
dum epitaxial films (Al Ga,_,),0; with O=x=<l.

Other substrates such as MgO(100), MgAl,O, and
MgGa,0, are also favorable for the epitaxial growth of
metal oxide UVLED structures.

Selection and Action of Crystal Growth Modifiers

Examples of metal oxide structures are now discussed for
optoelectronic applications and in particular to the fabrica-
tion of UVLEDs. The structures disclosed in FIGS. 44A-
447, which shall be described subsequently, are not limiting
as the possible crystal structure modifiers may be selected
from either elemental cation and anion constituents into a
given metal oxide M-O (where M=Al, Ga), such as binary
Ga,0;, ternary (Al Ga,__),0; and binary Al,O,.

It is found both theoretically and experimentally in accor-
dance with the present disclosure that the cation specie
crystal modifiers into M-O defined above may be selected
from at least one of the following:

Germanium (Ge)

Ge is beneficially supplied as pure elemental species to
incorporate via co-deposition of M-O species during non-
equilibrium crystal formation process. In some embodi-
ments, elemental pure ballistic beams of atomic Ga and Ge
are co-deposited along with an active Oxygen beam imping-
ing upon the growth surface. For example, Ge has a valence
of +4 and can be introduced in dilute atomic ratio by
substitution onto metal cation M-sites of the M-O host
crystal to form stoichiometric composition of the
form (Ge+4o2)m(Ga2o3)n:(Ge+4O2)m/(m+n)(Ga2o3)n/(m+n):
(Ge+402)x(Ga203)1_x:GexGaz(l_x)O3_x, wherein for dilute
Ge compositions x=0.1.

In accordance with the present disclosure, it was found
that for Ge x<0.1, a dilute ratio of Ge provides sufficient
electronic modification to the intrinsic M-O for manipulat-
ing the Fermi-energy (Er), thereby increasing the available
electron free carrier concentration and altering the crystal
lattice structure to impart advantageous strain during epi-
taxial growth. For dilute compositions the host M-O physi-
cal unit cell is substantially unperturbed. Further increase in
Ge concentration results in modification of the host Ga,O,
crystal structure through lattice dilation or even resulting in
a new material composition.

For example, for Ge x='4 a monoclinic crystal structure
of the host Ga,O; unit cell can be maintained. For example,
x=0.25 forming monoclinic Ge, ,sGa, 5,0, ,s=Ge,Ga0,,;
is possible. Advantageously, monoclinic Ge,Ga,;,_,,O5_,
(x=V5) crystal exhibits an excellent direct bandgap in excess
of'5 eV. The lattice deformation by introducing Ge increases
the monoclinic unit cell preferentially along the b-axis and
c-axis while retaining the a-axis lattice constant in compari-
son to strain-free monoclinic Ga,O;.
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The lattice constants for monoclinic Ga,O; are (a=3.08A,
b=5.88A, c¢=6.41A) and for monoclinic Ge,GaO,;
(a=3.04A, b=6.38A, ¢=7.97A). Therefore, introducing Ge
creates biaxial expansion of the free-standing unit cell along
the b- and c-axes. Therefore, if Ge,Ga,(, _,,O;_, is epitaxially
deposited upon a bulk-like monoclinic Ga,O; surface ori-
ented along the b- and c-axis (that is, deposited along the
a-axis), then a thin film of Ge,Ga,, _,,0;_, can be elastically
deformed to induce biaxial compression, and therefore warp
the valence band E-k dispersion advantageously, as dis-
cussed herein.

Beyond x>%4 the higher Ge % transforms the crystal
structure to cubic, for example, GeGa,Os.

In some embodiments, incorporation of Ge into Al,0, and
(AL, Ga,_,),0; are also possible.

For example, a direct bandgap Ge Al,,_,O;_, ternary
can also be epitaxially formed by co-deposition of elemental
Al and Ge and active Oxygen so as to form a thin film of
monoclinic crystal symmetry. In accordance with the present
disclosure it was found that the monoclinic structure is
stabilized for Ge % x~0.6 creating a free-standing lattice that
has a large relative expansion along the a-axis and along the
c-axis, while moderate decrease along the b-axis when
compared to monoclinic Al,Oj;.

The lattice constants for monoclinic Ge,Al,O, are
(a=5.34A, b=5.34A, ¢c=9.81A) and for monoclinic Al,O;
(a=2.94A, b=5.671A, c=6.14A). Therefore, Ge,Al,;,_,O;
deposited along a growth direction oriented along the b-axis
and deposited further on a monoclinic Al,O; surface, for
sufficiently thin films to maintain elastic deformation, will
undergo biaxial tension.

Silicon (Si)

Elemental Si may also be supplied as a pure elemental
species to incorporate via co-deposition of M-O species
during non-equilibrium crystal formation process. In some
embodiments, elemental pure ballistic beams of atomic Ga
and Si are co-deposited along with an active Oxygen beam
impinging upon the growth surface. For example, Si has a
valence of +4 and can be introduced in dilute atomic ratio by
substitution onto metal cation M-sites of the M-O host
crystal to form stoichiometric composition of the
form (Si+402)m(Ga2o3)n:(Si+4O2)m/(m+n)(Ga2o3)n/(m+n):
(Si**0,) (Ga,0;) 1-—91,Ga,_y05_,, wherein for dilute Si
compositions x=0.1.

In accordance with the present disclosure, it was found
that for Si x<0.1, a dilute ratio of Si provides sufficient
electronic modification to the intrinsic M-O for manipulat-
ing the Fermi-energy (Er), thereby increasing the available
electron free carrier concentration and altering the crystal
lattice structure to impart advantageous strain during epi-
taxial growth. For dilute compositions the host M-O physi-
cal unit cell is substantially unperturbed. Further increase in
Si concentration results in modification of the host Ga,O;
crystal structure through lattice dilation or even resulting in
a new material composition.

For example, for Si x<'4 a monoclinic crystal structure of
the host Ga,O; unit cell can be maintained. For example, for
the case of Si % x=0.25, forming monoclinic
Siy 55Ga; 500, 75=S1,Gag0,; is possible. The lattice defor-
mation by introducing Si increases the monoclinic unit cell
preferentially along the b-axis and c-axis while retaining the
a-axis lattice constant in comparison to strain-free mono-
clinic Ga,O;. The lattice constants for monoclinic
Si,Gag0,; are (a=6.40A, b=6.40A, c=9.40A) compared to
monoclinic Ga,O; (a=3.08A, b=5.88A, c=6.41A).

Therefore, introducing Si creates biaxial expansion of the
free-standing unit cell along all the a-, b- and c-axes.

—x
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Therefore, if Si,Ga,, _,O;_, is epitaxially deposited upon a
bulk-like monoclinic Ga,O, surface oriented along the b-
and c-axis (that is, deposited along the a-axis), then a thin
film of Si,Ga,,_,,0;_, can be elastically deformed to induce
asymmetric biaxial compression, and therefore warp the
valence band E-k dispersion advantageously, as discussed
herein.

Beyond x>V5 the higher Si % transforms the crystal
structure to cubic, for example, SiGa,O;.

In some embodiments, incorporation of Si into Al,O; and
(AL, Ga,_,),0; are also possible. For example, orthorhombic
(8i**0%),(AL,05), _,=Si,Al,,_,Os_, is possible by direct
co-deposition of elemental Si and Al with an active Oxygen
flux onto a deposition surface. If the deposition surface is
selected from the available trigonal alpha-Al,O; surfaces
(e.g., A-, R-, M-plane) then it is possible to form ortho-
rhombic crystal symmetry Al,SiO5 (i.e., x=0.5) which
reports a large direct bandgap at the Brillouin-zone center.
The lattice constants for orthorhombic are (a=5.61A,
b=7.88A, ¢=7.80A) and trigonal (R3c) Al,O; (a=4.75A,
b=4.75A, c=12.982A).

Deposition of oriented Al,SiOj films on Al,O; can there-
fore result in large biaxial compression for elastically
strained films. Exceeding the elastic energy limit creates
deleterious crystalline misfit dislocations and is generally to
be avoided. To achieve elastically deformed film on Al, O,
in particular, films of thickness less than about 10 nm are
preferred.

Magnesium (Mg)

Some embodiments include the incorporation of Mg
elemental species with Ga,0O; and Al,O; host crystals,
where Mg is selected as a preferred group-II metal specie.
Furthermore, incorporation of Mg into (Al Ga,_,),O; up to
and including the formation of a quaternary Mg, (Al,Ga), 0,
may also be utilized. Particular useful compositions of
Mg, Gay_,,O5_5,, wherein x<0.1, enable the electronic
structure of the Ga,O; and (Al Ga,_,),0; host to be made
p-type conductivity type by substituting Ga>* cation sites by
Mg** cations. For (AlLGa,_,),0; y=0.3 the bandgap is about
6.0 eV, and Mg can be incorporated up to about y~0.0510 0.1
enabling the conductivity type of the host to be varied from
intrinsic weak excess electron n-type to excess hole p-type.

Ternary compounds of the type Mg,Ga,_,,O;_,, and
Mg Al 055, and (Ni,Mg, )O are also example
embodiments of active region materials for optically emis-
sive UVLED:s.

In some embodiments, both stoichiometric compositions
of Mg,Ga,(,_,0;5_,, and Mg, Al,,_,O;_,, wherein x=0.5
producing cubic crystal symmetry structure exhibit advan-
tageous direct bandgap E-k dispersion are suitable for opti-
cally emissive region.

Furthermore, in accordance with the present disclosure it
was found that the Mg, Ga,,_,0;_,, and Mg Al,,_,O;_,,
compositions are epitaxially compatible with cubic MgO
and monoclinic, corundum and hexagonal crystal symmetry
forms of Ga,O,.

Using non-equilibrium growth techniques enables a large
miscibility range of Mg within both Ga,O; and Al,O; hosts
spanning MgO to the respective M-O binary. This is in
contradistinction with equilibrium growth techniques such
as CZ wherein phase separation occurs due to the volatile
Mg specie.

For example, the lattice constants of cubic and monoclinic
forms of Mg, Ga,,_,0;_,, for x~0.5 are (a=b=c=8.46A)
and (a=10.25A, b=5.98, c=14.50A), respectively. In accor-
dance with the present disclosure, it was found that the cubic
Mg, Ga,_,,O5_,, form can orient as a thin film having
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(100)- and (111)-oriented films on monoclinic Ga,O5(100)
and Ga,0,(001) substrates. Also, Mg Ga,_,O;_,, thin
epitaxial films can be deposited upon MgO substrates.
Furthermore, Mg, Ga,(,_,yO5_,, O=x=<1 films can be depos-
ited directly onto MgAl,0,(100) spinel crystal symmetry
substrates.

In further embodiments, both Mg Al ,O; , and
Mg, Ga,(,_,,O5_,, high quality (i.e., low defect density)
epitaxial films can be deposited directly onto Lithium Fluo-
ride (LiF) substrates.

Zinc (Zn)

Some embodiments include incorporation of Zn elemen-
tal species into Ga,0; and Al,O; host crystals, where Zn is
another preferred group-1I metal specie. Furthermore, incor-
poration of Zn into (Al Ga,_,),O; up to and including the
formation of a quaternary Zn,(Al,Ga) O, may also be uti-
lized.

Yet further quaternary compositions advantageous for
tuning the direct bandgap structure are the compounds of the
most general form:

(Mg, Zn,_)z(ALGa;_,)>1-O3_2,, Where O=x,y,z=<1.

In accordance with the present disclosure, it was found
that the cubic crystal symmetry composition forms of z~0.5
can be used advantageously for a given fixed y composition
between Al and Ga. By varying the Mg to Zn ratio x, the
direct bandgap can be tuned from about 4 eV=<E (x)<7 eV.
This can be achieved by disposing advantageously sepa-
rately controllable fluxes of pure elemental beams of Al, Ga,
Mg and Zn and providing an activated Oxygen flux for the
anions species. In general, an excess of atomic oxygen is
desired with respect to the total impinging metal flux.
Control of the Al:Ga flux ratio and Mg:Zn ratio arriving at
the growth surface can then be used to preselect the com-
position desired for bandgap tuning the UVLED regions.

Surprisingly, while Zinc-Oxide (ZnO) is generally a
wurtzite hexagonal crystal symmetry structure, when intro-
duced into (Mg, Zn, _,),(Al,Ga, ), _,)Os_,,, cubic and spi-
nel crystal symmetry forms are readily possible using non-
equilibrium growth methods described herein. The bandgap
character at the Brillouin-zone center can be tuned by alloy
composition (X, y, z) ranging from indirect to direct char-
acter. This is advantageous for application to substantially
non-absorbing electrical injection regions and optical emis-
sive regions, respectively. Furthermore, bandgap modula-
tion is possible for bandgap engineered structures, such as
superlattices and quantum wells described herein.

Nickel (Ni)

The incorporation of Ni elemental species into Ga,O, and
Al, O, host crystals is yet another preferred group-II metal
specie. Furthermore, incorporation of Ni into (Al,Ga,_,),0;
up to and including the formation of a quaternary Ni, (Al,
Ga),0, may be utilized.

Yet further quaternary compositions advantageous for
tuning the direct bandgap structure are the compounds of the
most general form:

(Mg, Ni;_)z(ALGa_)>1_O3 5., where O=x, y, z<1.

In accordance with the present disclosure, it was discov-
ered that the cubic crystal symmetry composition forms of
7~0.5 can be used advantageously for a given fixed y
composition between Al and Ga. By varying the Mg to Ni
ratio X, the direct bandgap can be tuned from about 4.9
eV=E (x)<7 eV. This can be achieved by disposing advan-
tageously separately controllable fluxes of pure elemental
beams of Al, Ga<Mg and Ni and providing an activated
oxygen flux for the anion species. Control of the Al:Ga flux
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ratio and Mg:Ni ratio arriving at the growth surface can then
be used to preselect the composition desired for bandgap
tuning the UVLED regions.

Of enormous utility herein is the specific band structure
and intrinsic conductivity type of cubic NiO. Nickel-Oxide
(NiO) exhibits a native p-type conductivity type due to the
Ni d-orbital electrons. The general cubic crystal symmetry
form (Mg,Ni,_,).(ALGa,_),,_,,O;_,, are possible using
non-equilibrium growth methods described herein.

Both Ni,Ga,,_,,0;_,, and Ni,Al,,_,,O;_,, are advanta-
geous for application to UVLED formation. Dilute compo-
sition of z<0.1 was found in accordance with the present
disclosure to be advantageous for p-type conductivity cre-
ation, and for z~0.5 the ternary cubic crystal symmetry
compounds also exhibit direct bandgap at the Brillouin-zone
center.

Lanthanides

There exists a large selection of the Lanthanide-metal
atomic species available which can be incorporated into the
binary Ga,O;, ternary (Al,Ga, _,),0O; and binary Al,O;. The
Lanthanide group metals range from the 15 elements starting
with Lanthanum (Z=57) to Lutetium (Z=71). In some
embodiments, Gadolinium Gd(Z=64) and Erbium Er(Z=68)
are utilized for their distinct 4f-shell configuration and
ability to form advantageous ternary compounds with
Ga,0;, GaAlO; and Al,O;. Again, dilute impurity incorpo-
ration of exclusively one specie selected from RE={Gd or
Er} incorporated into cation sites of (RE Ga,_),0,, (RE -
Ga,Al,_,_),0; and (RE,Al_,),0, where 0=x, y, z=l
enable tuning of the Fermi energy to form n-type conduc-
tivity type material exhibiting corundum, hexagonal and
monoclinic crystal symmetry. The inner 4f-shell orbitals of
Gd provide opportunity for the electronic bonding to cir-
cumvent parasitic optical 4f-to-4f energy level absorption
for wavelengths below 250 nm.

Surprisingly, it was found both theoretically and experi-
mentally in accordance with the present disclosure that
ternary compounds of (Er,Ga,_,),0;, and (Er,Al,_,),0; for
the case of x~0.5 exhibit cubic crystal symmetry structures
with direct bandgaps. It is known to have a bixbyite crystal
symmetry for binary Erbium-Oxide Er,O,; which can be
formed epitaxially as single crystal films on Si(111) sub-
strates. However, the lattice constant available by bixbyite
Er,O; is not readily applicable for seeding epitaxial films of
Ga,0;, GaAlO; and Al,O;. In accordance with the present
disclosure, it was discovered that graded composition incor-
poration along a growth direction of Er increasing from 0 to
0.5 is necessary for creating the necessary final surface
commensurate for epitaxy of monoclinic Ga,O,. Cubic
crystal symmetry forms of (Er,Ga,_,),0;, 0=x<0.5 may be
utilized, such as compositions exhibiting direct bandgap.

Of particular interest is the orthorhombic ternary compo-
sition of (Er,Al,_,),0; with x~0.5 having lattice constants
(a=5.18A, b=5.38A, c=7.41) and exhibiting a well-defined
direct energy bandgap of E;(k=0) of approximately 6.5 to 7
eV. Such a structure can be deposited on monoclinic Ga,O;,
and corundum Al,O; substrates or epilayers. As mentioned,
the inner Er'*4f-4f transitions are not presented in the E-k
band structure and are therefore classed as non-parasitic
absorption for the application of UVLEDs.

Bismuth (Bi)

Bismuth is a known specie which acts as a surfactant for
GaN non-equilibrium epitaxy of thin Gallium-Nitride GaN
films. Surfactants lower the surface energy for an epitaxial
film formation but in general are not incorporated within the
growing film. Incorporation of Bi even in Gallium Arsenide
is low. Bismuth is a volatile specie having high vapor
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pressure at low growth temperatures and would appear to be
a poor adatom for incorporation into a growing epitaxial
film. Surprisingly however, the incorporation of Bi into
Ga,0;, (Ga, A)O; and Al,O; at dilute levels x<0.1 is
extremely efficient using the non-equilibrium growth meth-
ods described in the present disclosure. For example,
elemental sources of Bi, Ga and Al can be co-deposited with
an overpressure ratio of activated Oxygen (namely, atomic
Oxygen, Ozone and Nitrous Oxide). It was found in accor-
dance with the present disclosure that Bi incorporation in the
monoclinic and corundum crystal symmetry Ga,O, and
(Ga,,Al,_,),0; for x=<0.5 exhibits a conductivity type char-
acter that creates an activated hole carrier concentration
suitable as a p-type conductivity region for UVLED func-
tion.

Yet higher Bi atomic incorporation x>0.1 enables band
structure tuning of (Bi Ga,_,),0; and (Bi, Al _,),0; ternary
compositions and indeed all the way to stoichiometric binary
Bismuth Oxide Bi,0;. Monoclinic Bi,O; forms lattice con-
stants of (a=12.55A, b=5.28 and ¢=5.67A) which is com-
mensurate with strained layer film growth directly on mono-
clinic Ga,0;.

Furthermore, orthorhombic and trigonal forms may be
utilized in some embodiments, exhibiting native p-type
conductivity character and indirect bandgap.

Particular interest is toward the orthorhombic crystal
symmetry composition of (Bi,Al,_,),0; where for the case
of x=V4 exhibits an E-k dispersion that is direct and having
Es=4.78-4.8 V.

Palladium (Pd)

The addition of Pd to Ga20;, (Ga, A1)O; and Al,O; may
be utilized in some embodiments to create metallic behavior
and is applicable for the formation of ohmic contacts. In
some embodiments, Palladium Oxide PdO can be used as an
in-situ deposited semi-metallic ohmic contact for n-type
wide bandgap metal oxide owing to the intrinsically low
work function of the compound (refer to FIG. 9).

Iridium (Ir)

Iridium is a preferred Platinum-group metal for incorpo-
ration into Ga,0O;, (Ga, A)O; and Al,O,. It was found in
accordance with the present disclosure that Ir may bond in
a large variety of valence states. In general, the rutile crystal
symmetry form of IrO, composition is known and exhibits
a semi-metallic character. Surprisingly, the triply charged
Ir** valence state is possible using non-equilibrium growth
methods and is a preferred state for application to incorpo-
ration with Ga,O; and in particular corundum crystal sym-
metry. Iridium has one of the highest melting points and
lowest vapor pressures when heated. The present disclosure
utilizes electron-beam evaporation to form an elemental
pure beam of Ir specie impinging upon a growth surface. If
activated oxygen is supplied in coincidence and a corundum
Ga,0; surface presented for epitaxy, corundum crystal sym-
metry form of Ir,O, composition can be realized. Further-
more, by co-depositing with pure elemental beams of Ir and
Ga with activated oxygen, compounds of (Ir,Ga,_,),0; for
0=x<1.0 can be formed. Furthermore, by co-depositing with
pure elemental beams of Ir and Al with activated oxygen,
ternary compounds of (Ir,Al;_,),O; for 0=x=<1.0 can be
formed. The addition of Ir to a host metal oxide comprising
at least one of Ga,0;, (Ga, A)O; and Al,O, can reduce the
effective bandgap. Furthermore, for Ir fractions of x>0.25
the bandgap is exclusively indirect in nature.

Lithium (Li)

Lithium is a unique atomic specie especially when incor-
porated with oxygen. Pure Lithium metal readily oxidizes,
and Lithium Oxide (Li,O) is readily formed using non-
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equilibrium growth methods of pure elemental Li beam and
activated oxygen directed toward a growth surface of defi-
nite surface crystal symmetry. Cubic crystal symmetry Li,O
exhibits a large indirect bandgap Eg~6.9 eV with lattice
constants (a=b=c=4.54A). Lithium is a mobile atom if
present in a defective crystal structure, and it is this property
which is exploited in Li-ion battery technology. The present
disclosure, in contradistinction, seeks to rigidly incorporate
Li-atoms within a host crystal matrix comprising at least one
of Ga,Oj;, (Ga, A1)O; and Al,O;. Again, dilute Li concen-
trations can be incorporated onto substitutional metal sites of
Ga,0;, (Ga, A1)O; and Al,O;. For example, for a valence
state of Li** these compositions may be utilized:

(Li,0),(Ga,03) l—x:LiZXGa‘2(lfx)0372x5 where O=x<1;
and

(Li50),(Al,03),_,=Lis, Al O3_5,, where O=x<1.

Stoichiometric forms of Li,,Ga,_yO5_,, for x=0.5 pro-
vide for LiGaO,, and Li,, Al _,O;_,, for x=0.5 provide for
LiAlO,.

Both LiGaO, and LiAlO, crystalize in preferred ortho-
rhombic and trigonal forms having direct and indirect band-
gap energies, respectively, with E(LiGa0O,)=5.2 eV and
EG(iALO,)~8 eV.

Of particular interest is the relatively small valence band
curvature in both suggesting a smaller hole effective mass
compared to Ga,Oj;.

The lattice constants of LiGaO, (a=5.09A, b=5.47,
c¢=6.46A) and LiAlO, are (a=b=2.83A, c=14.39A). As bulk
Li(Al, Ga)O, substrates may be utilized, orthorhombic and
trigonal quaternary compositions such as Li(AlLGa,_)O,
may also be utilized thereby enabling UVLED operation for
the optical emissive region.

Li impurity incorporation within even cubic NiO can
enable improved p-type conduction and can serve as a
possible electrical injector region for holes applied to the
UVLED.

Yet a further composition in some embodiments is ternary
comprising Lithium-Nickel-Oxide LiNi,O,. Theoretical
calculations provide insight toward the possible higher
valence states of Ni** and Li**. An electronic composition
comprising Li, ™Ni*20,"®=Li,NiO, may be utilized to
create via non-equilibrium growth techniques forming a
monoclinic crystal symmetry. It was found in accordance
with the present disclosure that [i,NiO; forms an indirect
bandgap of E.-5 eV. Yet another composition is the trigonal
crystal symmetry (R3m) where Li** and Ni*! valence states
form the composition Li,NiO, having a direct bandgap
between s-like and p-like states of E;=8 eV, however the
strong d-like states from Ni create crystal momentum inde-
pendent mid bandgap energy states continuous across all the
Brillouin zones.

Nitrogen and Fluorine Anion Substitution

Furthermore, it has been found in accordance with the
present disclosure that selected anion crystal modifiers to the
disclosed metal oxide compositions may be selected from at
least one of a nitrogen (N) and fluorine (F) specie. Similar
to p-type activated hole concentration creation in binary
Ga,0; and ternary (GaxAl,_,),0; by substitutional incor-
poration of a group-Ill metal cation site by a group-II metal
specie, it is further possible to substitute an oxygen anion
site during epitaxial growth by an activated Nitrogen atom
(e.g., neutral atomic nitrogen species in some embodiments).
In accordance with the present disclosure, dilute nitrogen
incorporation within a Ga,O; host was surprisingly been
found to stabilize monoclinic Ga,O; compositions during
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epitaxy. Prolonged exposure of Ga,O; during growth to a
combination of elemental Ga and neutral atomic fluxes of
simultaneous oxygen and nitrogen was found to form com-
peting GaN-like precipitates.

It was also found in accordance with the present disclo-
sure that periodically modulating the Ga,O; growth by
interrupting the Ga and O fluxes periodically and preferen-
tially exposing the terminated surface exclusively with acti-
vated atomic neutral nitrogen enables a portion of the
surface to incorporate N on otherwise available O-sites
within the Ga,O; growth. Spacing these N-layer growth
interruptions by a distance greater than 5 or more unit cells
of Ga,O; along the growth direction enables high density
impurity incorporation aiding the achievement of p-type
conductivity character in Ga,Oj.

This process may be utilized for both corundum and
trigonal forms of Ga,Oj.

In some embodiments, a combination approach of group-
1T metal cation substation and Nitrogen anion substation may
be utilized for controlling the p-type conductivity concen-
tration in Ga,O;.

Fluorine impurity incorporation into Ga,O; is also pos-
sible, however elemental fluorine sources are challenging.
The present disclosure uniquely utilizes the sublimation of
Lithium-Fluoride LiF bulk crystal within a Knudsen cell to
provide a compositional constituent of both Li and F which
is co-deposited during elemental Ga and Al beams under an
activated oxygen environment supplying the growth surface.
Such a technique enables the incorporation of Li and F
atoms within an epitaxially formed Ga,O; or LiGaO, host.

Examples of crystal symmetry structures formed using
example compositions are now described and referred to in
FIGS. 44A-447. The compositions shown are not intended
to be limiting as discussed in the previous section using the
crystal modifiers.

An example of crystal symmetry groups 5000 that are
possible for the ternary composition of (Al Ga,_,),0; is
shown in FIG. 44A. The calculated equilibrium crystal
formation probability 5005 is a measure of the probability
the structure will form for a given crystal symmetry type.
The space group nomenclature 5010 used in FIG. 44A is
understood by those skilled in the art.

The non-equilibrium growth methods described herein
can potentially select crystal symmetry types that are oth-
erwise not accessible using equilibrium growth methods
(such as CZ). The general crystal classes of cubic 5015,
tetragonal, trigonal (rhombohedral/hexagonal) 5020, mono-
clinic 5025, and triclinic 5030 are shown in the inset of FIG.
44A.

For example, it was found in accordance with the present
disclosure that monoclinic, trigonal and orthorhombic crys-
tal symmetry types can be made energetically favorable by
providing the kinematic growth conditions favoring exclu-
sively a particular space group to be epitaxially formed. For
example, as set out in TABLE I shown in FIG. 43A, the
surface energy of a substrate can be selected by judicious
preselection of the surface orientation presented for epitaxy.

FIG. 44B shows an example high-resolution x-ray Bragg
diffraction (HRXRD) curves of a high quality, coherently
strained, elastically deformed unit cell (i.e., the epilayer is
termed pseudomorphic with respect to the underlying sub-
strate) strained ternary (Al Ga,__),0; epilayer 5080 formed
on a monoclinic Ga,0;(010)-oriented surface 5045. The
graph shows intensity 5035 as a function of Q-2 6 5040. Two
compositions (Al,Ga,_,),0; x=0.15 (5050) and x=0.25
(5065) are shown. The substrate is initially prepared by high
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temperature (>800° C.) desorption in an ultrahigh vacuum
chamber (less than 5x10*° Torr) of surface impurities.

The surface is monitored in real-time by reflection high
energy electron diffraction (RHEED) to assess atomic sur-
face quality. Once a bright and streaky RHEED pattern
indicative of an atomically flat surface of predetermined
surface reconstruction of the discontinuous surface atom
dangling bond is apparent, the activated Oxygen source
comprising a radiofrequency inductively coupled plasma
(RF-ICP) is ignited to produce a stream of substantially
neutral atomic-Oxygen (O*) species and excited molecular
neutral oxygen (O,*) directed toward the heated surface of
the substrate.

The RHEED is monitored to show an oxygen-terminated
surface. The source of elemental and pure Ga and Al atoms
are provided by effusion cells comprising inert ceramic
crucibles radiatively heated by a filament and controlled by
feedback sensing of a thermocouple advantageously posi-
tioned relative to the crucible to monitor the metal melt
temperature within the crucible. High purity elemental met-
als are used, such as 6N to 7N or higher purity.

Each source beam flux is measured by a dedicated nude
ion gauge that can be spatially positioned in the vicinity of
the center of the substrate to sample the beam flux at the
substrate surface. The beam flux is measured for each
elemental specie so the relative flux ratio can be predeter-
mined. During beam flux measurements a mechanical shut-
ter is positioned between the substrate and the beam flux
measurement. Mechanical shutters also intersect the atomic
beams emanating from each crucible containing each
elemental specie selected to comprise epitaxial film.

During deposition the substrate is rotated so as to accu-
mulate a uniform amount of atomic beam intersecting the
substrate surface for a given amount of deposition time. The
substrate is heated radiatively from behind by an electrically
heated filament, in preference for oxide growth is the
advantageous use of a Silicon-Carbide (SiC) heater. A SiC
heater has the unique advantage over refractory metal fila-
ment heaters in that a broad near-to-mid infrared emissivity
is possible.

Not well known to workers in the field of epitaxial film
growth, is that most metal oxides have the attribute of
relatively large optical absorption for near to far infrared
wavelengths. The deposition chamber is preferentially
actively and continuously pumped to achieve and maintain
vacuum in vicinity of le-6 to le-5 Torr during growth of
epitaxial films. Operating in this vacuum range, the evapo-
rating metals particles from the surface of each effusion
crucible acquire a velocity that is essentially non-interacting
and ballistic.

Advantageously positioning the effusion cell beam
formed by the Clausing factor of the crucible aperture and
UHYV large mean free path, the collisionless ballistic trans-
port of the effusion specie toward the substrate surface is
ensured. The atomic beam flux from effusion type heated
sources is determined by the Arrhenius behavior of the
particular elemental specie placed in the crucible. In some
embodiments, Al and Ga fluxes in the range of 1x107° Torr
are measured at the substrate surface. The oxygen plasma is
controlled by the RF power coupled to the plasma and the
flow rate of the feedstock gas.

RF plasma discharges typically operate from 10 milliTorr
to 1 Torr. These RF plasma pressures are not compatible
with atomic layer deposition process reported herein. To
achieve activated oxygen beam fluxes in the range of 1x10~7
Torr to 1x107> Torr, a sealed fused quartz bulb with laser
drilled apertures of the order of 100 microns in diameter are
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disposed across a circular end-face of the sealed cylindrical
bulb. The said bulb is coupled to a helical wound copper
tube and water-cooled RF antenna driven by an impedance
matching network and a high power 100 W-1 kW RF
oscillator operating at, for example, 2 MHz to 13.6 MHz or
even 20 MHz.

The plasma is monitored using optical emission from the
plasma discharge which provides accurate telemetry of
actual species generated within the bulb. The size and
number of the apertures on the bulb end face are the
interface of the plasma to the UHV chamber and can be
predetermined to achieve compatible beam fluxes so as to
maintain ballistic transport conditions for long mean free
path in excess of the source to substrate distance. Other
in-situ diagnostics enabling accurate control and repeatabil-
ity of film composition and uniformity include the use of
ultraviolet polarized optical reflectometry and ellipsometry
as well as a residual gas analyzer to monitor the desorption
of species from the substrate surface.

Other forms of activated oxygen include the use of
oxidizers such as Ozone (O;) and nitrous oxide (N,O).
While all forms work relatively well, namely RF-plasma, O
and N,O, RF plasma may be used in certain embodiments
owing to the simplicity of point of use activation. RF-
plasma, however, does potentially create very energetic
charged ion species which can affect the material back-
ground conductivity type. This is mitigated by removing the
apertures directly in the vicinity of the center of the plasma
end plate coupled to the UHV chamber. The RF induced
oscillating magnetic field at the center of the solenoid of the
cylindrical discharge tube will be maximal along the center
axis. Therefore, removing the apertures providing line of
sight from the plasma interior toward the growth surface
removes the charged ions specie ballistically delivered to the
epilayer.

Having briefly described the growth method, refer again
to FIG. 44B. The monoclinic Ga,0;(010)-oriented substrate
5045 is cleaned in-situ via high temperature in UHV con-
ditions, such as at ~800° C. for 30 mins. The cleaned surface
is then terminated with activated oxygen adatoms forming a
surface reconstruction comprising oxygen atoms.

An optional homoepitaxial Ga,O; buffer layer 5075 is
deposited and monitored for crystallographic surface
improvement by in-situ RHEED. In general, Ga,O; growth
conditions using elemental Ga and activated oxygen requires
a flux ratio of ¢(Ga): ¢(O*)<1, that is atomic oxygen rich
conditions.

For flux ratios of ®(Ga):®(0*)>1 an excess Ga atoms on
the growth surface is capable of attaching to surface bonded
oxygen that can potentially form a volatile Ga,Oy,, sub-
oxide species—which then desorbs from the surface and can
remove material from the surface and even etch the surface
of Ga,0;. It was found in accordance with the present
disclosure that for high Al content AlGaO, this etching
process is reduced if not eliminated for Al %>50%. The
etching process can be used to clean a virgin Ga,O; substrate
for example to aid in the removal of chemical mechanical
polish (CMP) damage.

To initiate growth of AlGaO; the activated oxygen source
is optionally initially exposed to the surface followed by
opening both shutters for each of the Ga and Al effusion
cells. It was found experimentally in accordance with the
present disclosure that the sticking coefficient for Al is near
unity whereas the sticking coefficient on the growth surface
is kinetically dependent on the Arrhenius behavior of the
desorbing Ga adatoms which depend on the growth tem-
perature.
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The relative x=Al % of the epitaxial (Al,Ga,_,),0; film is
related to x=P(Al/[P(GaHP(Al)]. Clear high quality
RHEED surface reconstruction streaks are evident during
deposition of (Al,Ga,_,),0;. The thickness can be moni-
tored by in-situ ultraviolet laser reflectometry and the
pseudomorphic strain state monitored by RHEED. As the
free-standing in-plane lattice constant of monoclinic crystal
symmetry (Al,Ga,_),0; is smaller than the underlying
Ga,0; lattice, the (Al Ga,_,),05 is grown under tensile
strain during elastic deformation.

The thickness 5085 of epilayer 5080 at which the elastic
energy can be matched or reduced by inclusion of misfit
dislocation within the growth plane is called the critical
layer thickness (CLT), beyond this point the film can begin
to grow as a partially or fully relaxed bulk-like film. The
curves 5050 and 5065 are for the case of coherently strained
(Al,Ga,_,),0; films with thickness below the CLT. For the
case of x=0.15 the CLT is >400 nm and for x=0.25 CLT~100
nm. The thickness oscillations 5070 are also known as
Pendellosung interference fringes and are indicative of
highly coherent and atomically flat epitaxial film.

In experiments performed in relation to the present dis-
closure, growth of pure monoclinic Al,O5 epitaxial films
directly on monoclinic Ga,0;(010) surface achieved CLT<1
nm. It was further found experimentally that Al %>50%
achieved low growth rate owing to the unique monoclinic
bonding configuration of cations partitioned approximately
as 50% tetrahedral bonding sites and 50% octahedral bond-
ing sites. It was found that Al adatoms prefer to incorporate
at octahedral bonding sites during crystal growth and have
bonding affinity for tetrahedral sites.

Superlattices (SLs) are created and directly applicable to
UVLED operation utilizing the quantum size effect tuning
mechanism for quantization of allowed energy levels within
a narrower bandgap material sandwiched between two
potential energy barriers. Furthermore, SLs are example
vehicles for creating pseudo ternary alloys as discussed
herein, further enabling strain management of the layers.

For example, monoclinic (Al,Ga,_.),0; ternary alloy
experiences an asymmetric in-plane biaxial tensile strain
when epitaxial deposited upon monoclinic Ga,O;. This
tensile strain can be managed by ensuring the thickness of
ternary is kept below the CLT within each layer comprising
the SL. Furthermore, the strain can be balanced by tuning the
thickness of both Ga,O; and ternary layer to manage the
built-in strain energy of the bilayer pair.

Yet a further embodiment of the present disclosure is the
creation of a ternary alloy as bulk-like or SL grown suffi-
ciently thick so as to exceed the CLT and form an essentially
free-standing material that is strain-free. This virtually
strain-free relaxed ternary layer possesses an effective in-
plane lattice constant ag; which is parameterized by the
effective Al % composition. If then a first relaxed ternary
layer is formed, followed by yet another second SL depos-
ited directly upon the relaxed layer then the bilayer pair
forming the second SL can be tuned such that the layers
comprising the bilayer are in equal and opposite strain states
of tensile and compressive strain with respect to the first
in-plane lattice constant.

FIG. 44C show an example SL 5115 formed directly on a
Ga,05(010)-oriented substrate 5100.

The bilayer pairs comprising the SL 5115 are both mono-
clinic crystal symmetry Ga,O; and ternary (Al,Ga;_,),05
(x=0.15) with SL period Ag;=18 nm. The HRXRD 5090
shows the symmetric Bragg diffraction, and the GIXR 5105
shows the grazing incidence reflectivity of the SL. Ten
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periods are shown with extremely high crystal quality
indicative of the (Al Ga,_,),0; having thickness<CLT.

The plurality of narrow SL diffraction peaks 5095 and
5110 is indicative of coherently strained films registered
with in-plane lattice constant matching the monoclinic
Ga,0; (010)-oriented bulk substrate 5100. The monoclinic
crystal structure (refer to FIG. 37) having growth surface
exposed of (010) exhibits a complex array of Ga and O
atoms. In some embodiments, the starting substrate surface
is prepared by O-terminations as described previously. The
average Al % alloy content of the SL represents a pseudo-
bulk-like ternary alloy which can be thought of as an order
atomic plane ternary alloy.

The SL comprising bilayers of [(Al,zGa,_,5),05/Ga, 03]
has an equivalent Al % defined as:

ST Lg-xp
A=
Asp

where L, is the thickness of the wider bandgap
(Al,zGa,_,5),0; layer. This can be directly determined by
reference to the angular separation and position of the
zeroth-order diffraction peak SL™=° of the SL with respect to
the substrate peak 5102. Reciprocal lattice maps show that
the in-plane lattice constant is pseudomorphic with the
underlying substrate and provides excellent application for
the UVLED.

The tensile strain as shown in FIGS. 23A-23C can be used
advantageously towards the formation of the optical emis-
sion region.

FIG. 44D shows yet further flexibility toward depositing
ternary monoclinic 5130 alloy (Al,Ga,_,),0; directly upon
yet another crystal orientation of monoclinic Ga,05(001)
substrate 5120.

Again, the best results are obtained by careful attention to
high quality CMP surface preparation of the cleaved sub-
strate surface. The growth recipe in some embodiments
utilizes in-situ activated oxygen polish at high temperatures
(e.g., 700-800° C.) using a radiatively heated substrate via a
high power and oxygen resistant radiatively coupled heater.
The SiC heater possesses the unique property of having high
near-to-far infrared emissivity. The SiC heater emissivity
closely matches the intrinsic Ga,O; absorption features and
thus couples well to the radiative blackbody emission spec-
trum presented by the SiC heater. Region 5125 represents
the O-termination process and the homoepitaxial growth of
a high quality Ga,O; buffer layer. The SL is then deposited
showing two separate growths with different ternary alloy
compositions.

Shown in FIG. 44D are coherently strained epilayers of
(Al,Ga,_,),0; having thickness<CLT and achieving x~15%
(5135) and x~30% (5140), relative to the (002) substrate
peak 5122. Again, the high quality films are indicated by the
presence of thickness interference fringes.

Discovering further that SL structures are also possible on
the (001) oriented monoclinic Ga,O; substrate 5155, the
results are shown in FIG. 44E.

Clearly, HRXRD 5145 and GIXR 5158 demonstrate a
high quality coherently deposited SL. Peak 5156 is the
substrate peak. The SL diffraction peaks 5150 and 5160
enable direct measurement of the SL period, and the SL"=°
peak enables the effective Al % of SL to be determined. For
this case a ten period SL[(Alg 5Gag 6,),04/Ga,05] having
period Ag;=8.6 nm is shown.

Demonstrating an example application of the versatility of
the metal oxide film deposition method disclosed herein,
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refer to FIG. 44F. Two dissimilar crystal symmetry type
structures are epitaxially formed along a growth direction as
defined by FIG. 18. A substrate 5170 (peak 5172) compris-
ing monoclinic Ga,05(001)-oriented surface is presented for
homoepitaxy of a monoclinic Ga,0; 5175. Next a cubic
crystal symmetry NiO epilayer 5180 is deposited. The
HRXRD 5165 and GIXR 5190 show the topmost NiO film
peak 5185 of thickness 50 nm has excellent atomic flatness
and thickness fringes 5195.

In one example, mixing-and-matching crystal symmetry
types can be favorable to a given material composition that
is advantageous for a given function comprising the UVLED
(refer FIG. 1) thereby increasing the flexibility for optimiz-
ing the UVLED design. Ni,0O (0.5<x<1 representing metal
vacancy structures are possible), Li,Ni,O,, Mg Ni,_ O and
LiMg/Ni O, are compositions that may be utilized favor-
ably for integration with AlGaO; materials comprising the
UVLED.

As NiO and MgO share very close cubic crystal symmetry
and lattice constants, they are advantageous for bandgap
tuning application from about 3.8 to 7.8 eV. The d-states of
Ni influence the optical and conductivity type of the MgNiO
alloy and can be tailored for application to UVLED type
devices. A similar behavior is found for the selective incor-
poration of Ir into corundum crystal symmetry ternary alloy
(Ir,Ga,_,),O5 which exhibits advantageous energy position
within the E-k dispersion due to the Iridium d-state orbitals
for creation of p-type conductivity.

Yet a further example of the metal oxide structures is
shown in FIG. 44G. A cubic crystal symmetry MgO (100)-
oriented surface of a substrate 5205 (corresponding to peak
5206) is presented for direct epitaxy of Ga,Oj. It was found
in accordance with the present disclosure that the surface of
MgO can be selectively modified to create a cubic crystal
symmetry form of Ga,O; epilayer 5210 (peaks 5212 for
gamma Ga, ;) that acts as an intermediate transition layer
for subsequent epitaxy of monoclinic Ga,05;(100) 5215
(peaks 5214 and 5217). Such a structure is represented by
the growth process shown in FIG. 20A.

First a prepared clean MgO (100) surface is presented for
MgO homoepitaxy. The magnesium source is a valved
effusion source comprising 7N purity Mg with a beam flux
of ~1x107'° Torr in the presence of active-oxygen supplied
with # (Mg): (0%)<1 and substrate surface growth tempera-
ture from 500-650° C.

The RHEED is monitored to show improved and high
quality surface reconstruction of MgO surface of the epi-
taxial film. After about 10-50 nm of MgO homoepitaxy the
Mg source is closed and the substrate elevated to a growth
temperature of about 700° C. while under a protective flux
of O*. Then the Ga source is exposed to the growth surface
and the RHEED is observed to instantaneous change surface
reconstruction toward a cubic crystal symmetry Ga,O,
epilayer 5210. After about 10-30 nm of cubic Ga,0; (known
also as the gamma-phase) it is observed via direct observa-
tion of RHEED the characteristic monoclinic surface recon-
struction of Ga,05(100) appears and remains as the most
stable crystal structure. A Ga,0;(100)-oriented film of 100
nm is deposited, with HRXRD 5200 and GIXR 5220 show-
ing peak 5214 for beta-Ga,0;(200) and peak 5217 for
beta-Ga,0;(400). Such fortuitous crystal symmetry align-
ments are rare but highly advantageous for the application
toward UVLED.

Yet another example of a complex ternary metal oxide
structure applied for UVLED is disclosed in FIG. 44H. The
HRXRD 5225 and GIXR 5245 show experimental realiza-
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tion of a superlattice comprising a lanthanide-aluminum-
oxide ternary integrated with corundum Al,O; epilayers.

The SL comprises corundum crystal symmetry
(AlEr,_),0; ternary composition with the lanthanide
selected from Erbium grown pseudomorphically with corun-
dum Al,O;. Erbium is presented to the non-equilibrium
growth via a sublimating 5N purity Erbium source using an
effusion cell. The flux ratio of ¢(Er):0(Al)~0.15 was used
with the oxygen-rich condition of [0(ErH+d(Al)]: 6(O*)]<1
at a growth temperature of about 500° C.

Of particular note is the ability for Er to crack molecular
oxygen at the epilayer surface and therefore the total oxygen
overpressure is larger than the atomic oxygen flux. An
A-plane Sapphire (11-20) substrate 5235 is prepared and
heated to about 800° C. and exposed to an activated Oxygen
polish. It was found in this example that the activated
oxygen polish of the bare substrate surface dramatically
improves the subsequent epilayer quality. Next a homoepi-
taxial corundum Al,O; layer is formed and monitored by
RHEED showing excellent crystal quality and atomically
flat layer-by-layer deposition. Then a ten period SL is
deposited and shown as the satellite peaks 5230 and 5240 in
the HRXRD 5225 and GIXR 5245 scans. Clearly evident are
the Pendellosung fringes indicating excellent coherent
growth.

The effective alloy composition of the (Er g, Al,_ ¢, ),04
of the SL can be deduced by position of the zeroth order SL
peak SL™° relative to the (110) substrate peak 5235. It is
found xS1 ~0.15 is possible and that the (Al Er,_,),0; layer
forming the SL period has corundum crystal symmetry. This
discovery is particularly important for application to
UVLED wherein FIG. 44I discloses the E-K band structure
5250 of corundum (AL Er,_,),0; is indeed a direct bandgap
material having E;>6 eV. The electron energy 1066 is
plotted as a function of the crystal wave vectors 1067. The
conduction band minimum 5265 and valence band 5260 is
maximum at the Brillouin-zone center 5255 (k=0).

Next in FIG. 44] is demonstrated yet a further ternary
magnesium-gallium-oxide cubic crystal symmetry Mg Ga,
(1-x)O5_,, material composition integrable with Ga,Oj;.
Shown is the HRXRD 5270 and GIXR 5290 experimental
realization of a superlattice comprising a 10 period
SL[Mg.Gay_y05,/Ga,0;] deposited upon a monoclinic
Ga,0;(010) oriented substrate 5275 (corresponding to peak
5277). The SL ternary alloy composition is selected from
x=0.5 with thickness of 8 nm and Ga,O; of 8§ nm. The SL
period is Ag;=16 nm with average Mg % of

oL 2 X+ LygGao
¢ Asy,

The diffraction satellite peaks 5280 and 5295 report slight
diffusion of Mg across the SL interfaces which can be
alleviated by growing at a lower temperature. The band
structure of Mg, Ga,,_,05 ., x=0.5 is particularly useful
for application toward UVLED. FIG. 44K reports the cal-
culated energy band structure 5300 is direct in character
(refer to band extrema 5315 and 5310 and k=0 5305) with
bandgap of E-5.5 eV.

The ability for the monoclinic Ga,Oj; crystal symmetry to
integrate with cubic MgAl,O, crystal symmetry substrates is
presented in FIG. 44L.. A high quality single crystal substrate
5320 (peak 5322) comprising MgAl,O, spinel is cleaved
and polished to expose the (100)-oriented crystal surface.
The substrate is prepared and polished using active oxygen
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at elevated temperature (=700° C.) under UHV conditions
(<1e-9 Torr). Keeping the substrate at growth temperature of
700° C. the MgGa,O, film 5330 is initiated showing excel-
lent registration to the substrate. After about 10-20 nm the
Mg is shuttered and only Ga,O, is deposited as the topmost
film 5325. The GIXR film flatness is excellent showing
thickness fringes 5340 indicating a >150 nm film. The
HRXRD shows transition material MgGa,O, corresponding
to peaks 5332 and Ga,0,;(100)-oriented epilayer of peaks
5327 indicative of monoclinic crystal symmetry. In some
embodiments, hexagonal Ga,O, can also be deposited epi-
taxially.

The monoclinic Ga,0; (-201)-oriented crystal plane fea-
tures unique attributes of a hexagonal oxygen surface matrix
with in-plane lattice spacing acceptable for registering
wurtzite-type hexagonal crystal symmetry materials. For
example, as shown in diagram 5345 of FIG. 44M wurtzite
7Zn0 5360 (peak 5367) is deposited on an oxygen terminated
Ga,0;(-201)-oriented surface of a substrate Zn,Ga,_,,
O;_,, 5350 (peak 5352). The Zn is supplied by sublimation
of 7N purity Zn contained within an effusion cell. The
growth temperature is selected from 450-650° C. for ZnO
and exhibits extremely bright and sharp narrow RHEED
streaks indicative high crystal quality. Peak 5362 represents
(AL Ga,_,),0;. Peak 5355 represents a transition layer.

Next a ternary zinc-gallium-oxide epilayer Zn,Ga,,_,,
O;_,, 5365 is deposited by co-deposition of Ga and Zn and
active oxygen at 500° C. The flux ratio of [¢(Zn)+$(Ga)]:
¢(O*)<1 and the metal beam flux ratio ¢(Zn):¢p(Ga) is
chosen to achieve x~0.5. Zn desorbs at much lower surface
temperatures than Ga and is controlled in part by absorption
limited process depending on surface temperature dictated
by the Arrhenius behavior of Zn adatoms.

Zn is a group metal and substitutes advantageously on
available Ga-sites of the host crystal. In some embodiments,
Zn can be used to alter the conductivity type of the host for
dilute x=<0.1 concentrations of incorporated Zn. The peak
5355 labelled Zn,Ga,, _,,O;_,, shows the transition layer
formed on the substrate showing low Ga % formation of
Zn,Gay _yO;_,,. This suggests strongly a high miscibility
of Ga and Zn in the ternary offering non-equilibrium growth
of full range of alloys O=x=<l. For the case of x=0.5 in
Zn,Gay _»O;_,, offers the cubic crystal symmetry form an
E-k band structure as shown in diagram 5370 of FIG. 44N.

The indirect bandgap shown by band extrema 5375 and
5380 can be shaped using SL. band engineering as shown in
FIG. 27. The valence band dispersion 5385 showing maxima
at k=0 can be used to create a SL period that can advanta-
geously map the maxima back to an equivalent energy at
zone center thereby creating a pseudo-direct bandgap struc-
ture. Such a method is claimed in its entirety for application
to the formation of optoelectronic devices such as UVLEDs
as referred to in the present disclosure.

As explained in the present disclosure, there is a large
design space available for crystal modifiers to the Ga,O; and
Al O, host crystals that can be exploited for application to
UVLEDs.

Yet a further example is now disclosed where the growth
conditions can be tuned to preselect a unique crystal sym-
metry type of Ga,O;, namely monoclinic (beta-phase) or
hexagonal (epsilon or kappa phase).

FIG. 440 shows a specific application of the more general
method disclosed in FIG. 19.

A prepared and clean surface of corundum crystal sym-
metry type of sapphire C-plane substrate 5400 is presented
for epitaxy.
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The substrate surface is polished via active oxygen at
elevated temperature>750° C. and such as ~800-850° C.
This creates an oxygen terminated surface 5405. While
maintaining the high growth temperature, a Ga and active
oxygen flux is directed toward the epi-surface and the
surface reconstruction of bare Al,O; is modified to either a
corundum Ga,O, thin template layer 5396 or a low Al %
corundum (Al Ga,_,),0; x=<0.5 is formed by an additional
co-deposited Al flux. After about 10 nm of the template layer
5396 the Al flux is closed and Ga,O; is deposited. Main-
taining a high growth temperature and a low Al % template
0=x=0.1 favors exclusive film formation of monoclinic
crystal structure epilayer 5397.

If after the initial template layer 5396 formation the
growth temperature is reduced to about 650-750° C. then the
Ga,O; favors exclusively the growth of a new type of crystal
symmetry structure having hexagonal symmetry. The hex-
agonal phase of Ga,0; is also favored by x>0.1 template
layer. The unique properties of the hexagonal crystal sym-
metry Ga,0O; 5420 composition is discussed later. The
experimental evidence for the disclosed process of growing
the epitaxial structure 5395 is provided in FIG. 44P, showing
the HRXRD 5421 for two distinct growth process outcomes
of phase pure monoclinic Ga,0O; and hexagonal crystal
symmetry Ga,O;. The HRXRD scan shows the C-plane
Al,O4(0001)-oriented substrate Bragg diffraction peaks of
corundum Al,0;(0006) 5465 and A1,05(0012) 5470. For the
case of monoclinic Ga,0; topmost epitaxial film, the dif-
fraction peaks indicated by 5445, 5450, 5455, and 5460
represent sharp single crystal monoclinic Ga,O,(-201),
Ga,04(-204), Ga,05(-306) and Ga,0,(-408).

The orthorhombic crystal symmetry can further exhibit an
advantageous property of possessing a non-inversion sym-
metry. This is particularly advantageous for allowing electric
dipole transition between the conduction and valence band
edges of the band structure at zone-center. For example,
wurtzite ZnO and GaN both exhibit crystal symmetry having
non-inversion symmetry. Likewise, orthorhombic (namely
the space group 33 Pna2l crystal symmetry) has a non-
inversion symmetry which enables electric dipole optical
transitions.

Conversely, for the growth process of hexagonal Ga,O;,
the peaks 5425, 5430, 5435 and 5440 represent sharp single
crystal hexagonal crystal symmetry Ga,05(002), Ga,O;,
(004), Ga,04(006), and Ga,0,(008).

The importance of achieving hexagonal crystal symmetry
Ga,O; and also hexagonal (Al Ga,_,),0; is shown in FIG.
44Q.

The energy band structure 5475 shows the conduction
band 5480 and valence band 5490 extrema are both located
at the Brillouin-zone center 5485 and is therefore advanta-
geous for application to UVLED.

Single crystal sapphire is one of the most mature crystal-
line oxide substrates. Yet another form of Sapphire is the
corundum M-plane surface which can be used advanta-
geously to form Ga,0; and AlGaO, and other metal oxides
discussed herein.

For example, it has been found experimentally in accor-
dance with the present disclosure that the surface energy of
Sapphire exhibited by specific crystal planes presented for
epitaxy can be used to preselect the type of crystal symmetry
of Ga,O; that is epitaxially formed thereon.

Consider now FIG. 44R disclosing the utility of an
M-plane corundum Al,O; substrate 5500. The M-plane is
the (1-100) oriented surface and can be prepared as dis-
cussed previously and atomically polished in-situ at elevated
growth temperature of 800° C. while exposed to an activated
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oxygen flux. The oxygen terminated surface is then cooled
to 500-700° C., such as 500° C. in one embodiment, and a
Ga,0; film is epitaxially deposited. It was found that in
excess of 100-150 nm of corundum crystal symmetry Ga,O;
can be deposited on M-plane sapphire and about 400-500
nm of corundum (Al Ga,_,),0; for x~0.3-0.45. Of particu-
lar interest, corundum (Al,y;Ga, ,),0O; exhibits a direct band-
gap and is equivalent to the energy gap of wurtzite AIN.

The HRXRD 5495 and GIXR 5540 curves show two
separate growths on M-plane sapphire 5500. High quality
single crystal corundum Ga,O; 5510 and (Al,;Ga, ,),0;
5505 are clearly shown with respect to the corundum Al,O;
substrate peak 5502. Therefore, M-plane oriented AlGaO,
films are possible on M-plane Sapphire. The GIXR thickness
oscillation 5535 is indicative of atomically flat interfaces
5520 and films 5530. Curve 5155 shows that there are no
other crystal phases of Ga,Oj; other than the corundum phase
(thombohedral crystal symmetry).

For completeness, it has also been found in accordance
with the present disclosure that various metal oxides can
also be used to exploit even the most technologically mature
semiconductor substrate, namely Silicon. For example,
while bulk Ga,O; substrates are desirable for their crystal-
lographic and electronic properties, they are still more
expensive to produce than single crystal substrates and
furthermore cannot scale as easily as Si to large wafer
diameter substrates, for example up to 450 mm diameter for
Si.

Therefore, embodiments include developing functional
electronic Ga,O; films directly on Silicon. To this end a
process has been developed specifically for this application.

Referring now to FIG. 448, there are shown the results of
one experimentally developed process for depositing mono-
clinic Ga,0O; films on large area Silicon substrates.

A single crystal high quality monoclinic Ga,O; epilayer
5565 is formed on a cubic transition layer 5570 comprising
ternary (Ga,_,Er,),0;. The transition layer is deposited
using a compositional grading which can be abrupt or
continuous. The transition layer can also be a digital layer
comprising a SL of layers of [(Ga,_,Er,),0,/(Ga,_ Fr,),0;]
wherein x and y are selected from O<x, y=1. The transition
layer is deposited optionally on a binary bixbyite crystal
symmetry Er,O;(111)-oriented template layer 5560 depos-
ited on a Si(l111)-oriented substrate 5555. Initially the
Si(111) is heated in UHV to 900° C. or more but less than
1300° C. to desorb the native SiO, oxide and remove
impurities.

A clear temperature dependent surface reconstruction
change is observed and can be used to in-situ calibrate the
surface growth temperature which occurs at 830° C. and is
only observable for a pristine Si surface devoid of surface
Si0,. Then the temperature of the Si substrate is reduced to
500-700° C. to deposit the (Ga,_,Er,),0; film(s) and then
increased slightly to favor epitaxial growth of monoclinic
Ga,0;(-201)-oriented active layer film. If Er,O; binary is
used, then activated oxygen is not necessary and pure
molecular oxygen can be used to co-deposit with pure Er
beam flux. As soon as Ga is introduced the activated oxygen
flux is necessary. Other transition layers are also possible
and can be selected from a number of ternary oxides
described herein. The HRXRD 5550 shows the cubic
(Ga,_,Fr,),0; peak 5572 along with the bixbyite Er,O,
(111) and (222) peaks 5562. The monoclinic Ga,0,(-201),
(-201), (-402) peaks are also observed as peaks 5567, and
the Si(111) substrate as peaks 5557.

One application of the present disclosure is the use of
cubic crystal symmetry metal oxides for the use of transition
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layers between Si(001)-oriented substrate surfaces to form
Ga,0;(001) and (Al,Ga),O;(001)-oriented active layer
films. This is particularly advantageous for high volume
manufacture.

Interest herein is directed toward exploiting transparent
substrates that can accommodate a wide variety of metal
oxide compositions and crystal symmetry types. In particu-
lar, again it is reiterated that the Al,O;, (Al Ga,_,),0; and
Ga,O; materials are of great interest and the opportunity for
accessing the entire miscibility range of Al % x in
(Al Ga, ,),0; and Ga % y in (Al,_Ga),0; can be
addressed by corundum crystal symmetry type composi-
tions.

Reference shall now be made to the examples in FIGS.
44T-44X.

FIG. 44T discloses high quality single crystal epitaxy of
corundum Ga,0;(110)-oriented film on Al,0;(11-20)-ori-
ented substrate (i.e., A-plane Sapphire). The surface energy
of the A-plane Al,O, surface can be used to grow excep-
tionally high quality corundum Ga,O; and ternary films of
corundum (Al Ga,_,),O; where O=x<1 for the entire alloy
range. Ga,0; can be growth up to a CLT of about 45-80 nm
and the CLT increases dramatically with the introduction of
Al to form the ternary (Al Ga,_,),0;.

Homoepitaxial growth of corundum Al,O; is possible at
a surprisingly wide growth window range. Corundum
AlGaOj; can be grown from room temperature up to about
750° C. All growths, however, require an activated oxygen
(viz., atomic oxygen) flux to be well in excess of the total
metal flux, that is, oxygen rich growth conditions. Corun-
dum crystal symmetry Ga,O; films are shown in the
HRXRD 5575 and GIXR 5605 scan of two separate growths
for different thickness films on A-plane Al,O; substrates.
The substrate 5590 surface (corresponding to peak 5592) is
oriented in the (11-20) plane and O-polished at elevated
temperature at about 800° C.

The activated oxygen polish is maintained while the
growth temperature is reduced to an optimal range of
450-600° C., such as 500° C. Then an Al,O; buffer 5595 is
optionally deposited for 10-100 nm and then the ternary
(AL, Ga,_,),0; epilayer 5600 is formed by co-depositing
with suitably arranged Al and Ga fluxes to achieve the
desired Al %. Oxygen-rich conditions are mandatory.
Curves 5580 and 5585 show example x=0 Ga,Oj; films 5600
of 20 and 65 nm respectively.

The Pendellosung interference fringes in both the
HRXRD and GIXR demonstrate excellent coherent growth,
and transmission electron microscopy (TEM) confirm off-
axis XRD measurements that defect densities below 107
cm™> are possible.

Corundum Ga,O; films on A-plane Al,O; in excess of
about 65 nm show relaxation as evidenced in reciprocal
lattice mapping (RSM) but however maintain excellent
crystal quality for film>CLT.

Yet other methods for further improvement in the CLT of
binary Ga,O; films on A-plane Al,O; are also possible. For
example, during the high temperature O-polish step of a
virgin Al,O; substrate surface, the substrate temperature can
be maintained at about 750-800° C. At this growth tempera-
ture the Ga flux can be presented along with the activated
oxygen and a high temperature phenomenon can occur. It
was found in accordance with the present disclosure that Ga
effectively diffuses into the topmost surface of the Al,O,
substrate forming an extremely high quality corundum
(AL, Ga,_,),0; template layer with O=x<1. The growth can
either be interrupted or continued while the substrate tem-
perature is reduced to about 500° C. The template layer then
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acts as an in-plane lattice matching layer that is closer to
Ga,O; and thus a thicker CLT is found for the epitaxial film.

Having established the unique properties of A-plane sur-
faces and with reference to the surface energy trend dis-
closed in FIG. 20B, bandgap modulated superlattice struc-
tures are also shown to be possible.

FIG. 44U shows unique attributes of binary Ga,0O; and
binary Al,O; epilayers used to form a SL structure on an
A-plane Al, O, substrate 5625 (corresponding to peak 5627).
The excellent SL HRXRD 5610 and GIXR 5630 data show
a plurality of high quality SL. Bragg diffraction satellite
peaks 5615 and 5620 having period Ag;=9.5 nm. Not only
are the full width at half maximum (FWHM) of each satellite
peak 5615 very small, there are also clearly observed the
inter-peak oscillations of the Pendellosung fringes. For
N=10 periods of SL, there exist N-2 Pendellosung oscilla-
tions as shown in both the HRDRD and GIXR. The zeroth
order SL peak SL™° is indicative of the average alloy Al %
of the digital alloy formed by the SL and is x_,;**~0.85. This
level of crystalline perfection is rarely observed in many
other non-oxide commercially relevant material systems and
is noted to be comparable to extremely mature GaAs/AlAs
group-I1I-Arsenide material systems deposited on GaAs
substrates. Such low defect density SL structures are nec-
essary for high performance UVLED operation.

Image 5660 in FIG. 44V demonstrates the crystal quality
observed for an example [Al,0;/Ga,0,] SL 5645 deposited
on A-plane sapphire 5625. Clearly evident is the contrast in
Ga and Al specie showing the abrupt interfaces between the
nanometer scale films 5650 and 5655 comprising the SL
period.

Closer inspection of image 5660 shows the region
labelled 5635 which is due to the high temperature Ga
intermixing process described above. The Al,O; buffer layer
5640 imparts a small strain to the SL stack. Careful attention
is paid to maintaining the Ga,O; film thickness to well
below the CLT to create high quality SL. However, strain
accumulation can result and other structures such as growing
the SL structure on a relaxed buffer composition midway
between the composition endpoints of the materials com-
prising the SL is possible in some embodiments.

This enables strain symmetrization to be engineered
wherein the layer pairs forming the period of the superlattice
can have equal and opposite in-plane strain. Each layer is
deposited below the CLT and experiences biaxial elastic
strain (thereby inhibiting dislocation formation at the inter-
faces). Therefore some embodiments include engineering a
SL disposed on a relaxed buffer layer that enables the SL to
accumulate zero strain and thus can be grown effectively
strain-free with theoretically infinite thickness.

Yet a further application of corundum film growth can be
demonstrated on yet another advantageous Al,O; crystal
surface, namely the R-plane (1-102).

FIG. 44W shows the ability to epitaxially deposit thick
ternary corundum (Al Ga,_,),O; films on R-plane corun-
dum AlL,O;. The HRXRD 5665 shows an R-plane Al,O;
substrate 5675 that is prepared using a high temperature
O-polish and co-deposition of Al and Ga while reducing the
growth temperature from 750 to 500° C. forming region
5680. Region 5680 is an optional surface layer modification
to the sapphire substrate surface, such as an oxygen-termi-
nated surface. The excellent high quality ternary epilayer
5670 (corresponding to XRD peak 5672) demonstrates sharp
Pendellosung fringes 5680 and provides an alloy composi-
tion of x=0.64 with respect to the substrate peak 5677. The
film thickness for this case is about 115 nm. Also shown in
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FIG. 44W is the angular separation of symmetric Bragg
peaks 5685 of the pseudomorphic corundum Ga,O, epilayer.

Again, high utility is placed on creating bandgap epilayer
films that may be configured or engineered to construct the
required functional regions for the UVLED. In this manner,
strain and composition are tools that may be employed for
manipulating known functional properties of the materials
for application to UVLEDs in accordance with the present
disclosure.

FIG. 44X shows an example of a high quality superlattice
structure possible for R-plane Al,05(1-102) oriented sub-
strates.

The HRXRD 5690 and GIXR 5710 are shown for an
example SL epitaxially formed on R-plane Al,0,(1-102)
substrate 5705 (corresponding to peak 5707).

The SL comprises a 10 period [ternary/binary] bilayer pair
of [(AlLGa,_,),05/Al,05] where x=0.50. The SL period
A;=20 nm. The plurality of SL. Bragg diffraction peaks
5695 and reflectivity peaks 5715 indicate coherently grown
pseudomorphic structure. The zeroth order SL diffraction
peak SL"° 5700 indicates an effective digital alloy x, of
the SL as comprising (Al ;Ga,_, s, ),0O5; where x,;=0.2.

Such highly coherent and largely dissimilar bandgap
materials used to create epitaxial SL with abrupt disconti-
nuities at the interfaces may be employed for the formation
of quantum confined structures as disclosed herein for
application to optoelectronic devices such as UVLEDs.

The conduction and valence band energy discontinuity
available at the Al,0,/Ga,O; heterointerface for corundum
crystal symmetry (R3c) is:

AERscC:EAlzo3 C-E Gar03 €=3.20 eV

AEgs.=E 410, ~Eayo, =0-12 &V

Also, for the monoclinic crystal symmetry (C2m) hetero-
interface the band offsets are:

AE 5, “=E 410, ~E 6y, =2.68 &V

AE o, =E 410y ~EGayo, 034 eV

Some embodiments also include creating a potential
energy discontinuity by creation of Ga,O; layers having an
abrupt change in crystal symmetry.

For example, it is disclosed herein that corundum crystal
symmetry Ga,O; can be directly epitaxially deposited on
monoclinic Ga,0;(110)-oriented surfaces. Such a heteroin-
terface produces band offsets given by:

AE o0, =ER3~E oy “=0.50 &V

AE ooy ~Ers. ~Eco, -0.10 eV

These band offsets are sufficient to create quantum con-
fined structures as will be described below.

As yet another example of embodiments of complex
metal oxide heterostructures, refer to FIG. 44Y wherein a
cubic MgO epilayer 5730 is formed directly on a spinel
MgAl,0,(100) oriented substrate 5725. The HRXRD 5720
shows the cubic MgAl,O,4(h 0 0), h=4, 8 substrate Bragg
diffraction peaks 5727 and the epitaxial cubic MgO peaks
5737 corresponding to the MgO epilayer 5730. The lattice
constant of MgO is almost exactly twice the lattice constant
of MgAl,O, and thus creates unique epitaxial coincidence
for in-plane lattice registration at the heterointerface.

Clearly a high quality MgO(100)-oriented epilayer is
formed as evidenced by the narrow FWHM. Next a mono-
clinic layer of Ga,0; 5735 is formed on the MgO layer
5730. The Ga,05(100) oriented film is evidenced by the
5736 Bragg diffraction peak.
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The interest in cubic MgAl,O, and Mg Al,,_)O;_,,
ternary structures is due to the direct and large bandgap
possible.

Graph 5740 of FIG. 447 shows the energy band structure
for Mg Al ,Os_,, x~0.5 showing a direct bandgap 5745
formed between the conduction band 5750 and valence band
5755 extrema.

Some embodiments also include growing directly Ga,Oj,
on Lanthanum-Aluminum-Oxide LaAlO;(001) substrates.

The example structures disclosed in FIGS. 44A-447 are
for the purpose of demonstrating some of the possible
configurations applicable for use in at least a portion of a
UVLED structure. The wide variety of compatible mixed
symmetry type heterostructures is a further attribute of the
present disclosure. As would be appreciated, other configu-
rations and structures are also possible and consistent with
the present disclosure.

The aforementioned unique properties of the AlGaO,
material system can be applied to formation of a UVLED.
FIG. 45 shows an example light emitting device structure
1200 in accordance with the present disclosure. Light emit-
ting device 1200 is designed to operate such that optically
generated light can be out-coupled vertically through the
device. Device 1200 comprises a substrate 1205, a first
conductivity n-type doped AlGaO; region 1210, followed by
a not-intentionally doped (NID) intrinsic AlGaO; spacer
region 1215, followed by a multiple quantum well (MQW)
or superlattice 1240 formed using periodic repetitions of
(Al Ga,_),05/(AL,Ga,_,),O0; wherein the barrier layer
comprises the larger bandgap composition 1220 and the well
layer comprises the narrower bandgap composition 1225.

The total thickness of the MQW or SL. 1240 is selected to
achieve the desired emission intensity. The layer thicknesses
comprising the unit cell of the MQW or SLL 1240 are
configured to produce a predetermined operating wave-
length based on the quantum confinement effect. Next an
optional AlGaO; spacer layer 1230 separates the MQW/SL
from the p-type AlGaO; layer 1235.

Spatial energy band profiles using the k=0 representation
are disclosed in FIGS. 46, 47, 49, 51 and 53 which are
graphs of spatial band energy 1252 as a function of growth
direction 1251. The n-type and p-type conductivity regions
1210 and 1235 are selected from monoclinic or corundum
compositions of (Al Ga,_,),0;, where x=0.3, followed by a
NID 1215 of the same composition x=0.3. The MQW or SL,
1240 is tuned by keeping the thickness of both the well and
barrier layers the same in each design 1250 (FIGS. 46, 47),
1350 (FIG. 49), 1390 (FIG. 51) and 1450 (FIG. 53).

The composition of the well is varied from x=0.0, 0.05,
0.10 and 0.20, and the barrier is fixed to y=0.4 for the
bi-layer pairs (Al,Ga,_,),05/(AL,Ga,_,),0;. These MQW
regions are located at 1275, 1360, 1400 and 1460. The
thickness of the well layer is selected from at least 0.5xa,, to
10xa,, the unit cell (aw lattice constant) of the host compo-
sition. For the present case, one unit cell is chosen. The
periodic unit cell thickness can be relatively large as the
corundum and monoclinic unit cells are relatively large.
However, sub-unit-cell assemblies may be utilized in some
embodiments. MQW region 1275 in FIG. 47 is configured
for intrinsic or non-intentionally doped layer combination
comprising Ga,05/(Al, ,Gag 4),05. MQW region 1360 in
FIG. 49 is configured for intrinsic or non-intentionally
doped layer combination comprising (Al (sGag o5),05/
(Al ,Ga, 6),05;. MQW region 1400 in FIG. 51 is configured
for intrinsic or non-intentionally doped layer combination
comprising (Al ;Ga, ),05/(Al, ,Gag 6),05. MQW region
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1460 in FIG. 53 is configured for intrinsic or non-intention-
ally doped layer combination comprising (Al, ,Ga, ¢),05/
(Al 4Gag 6),0;.

Also shown are ohmic contact metals 1260 and 1280. The
conduction band edge E(z) 1265 and the valence band
edges E;(z) 1270 and the MQW region 1400 shows the
modulation in bandgap energy with respect to the spatially
modulated composition. This is yet another particular
advantage of atomic layer epitaxy deposition techniques
which make such structures possible.

FIG. 47 shows schematically the confined electron 1285
and hole 1290 wavefunctions within the MQW region 1275.
The electric-dipole transition due to spatial recombination of
electron 1285 and hole 1290 creates photon 1295.

The emission spectrum can be calculated and is shown in
FIG. 48, plotted in graph 1300 as the emission wavelength
1310 and the oscillator absorption strength 1305 due to the
wavefunction overlap integrals for the spatially dependent
quantized electron and holes states (also indicative of the
emission strength). A plurality of peaks 1320, 1325 and 1330
are generated due to recombination of quantized energy
states with the MQW. In particular, the lowest energy
electron-hole recombination peak 1320 is the most probable
and occurs at ~245 nm. Region 1315 shows that below the
energy gap of the MQW there is no absorption or optical
emission. The first onset of optical activity in moving toward
shorter wavelengths is the n=1 exciton peak 1320 deter-
mined by the MQW configuration.

The MQW configurations 1275, 1360, 1400 and 1460
result in light emission energy peaks 1320 (FIG. 48), 1370
(FIG. 50), 1420 (FIG. 52) and 1470 (FIG. 54) having peak
operating wavelengths of 245 nm, 237 nm, 230 nm and 215
nm, respectively. Graph 1365 of FIG. 50 also shows peaks
1375 and 1380 along with region 1385. Graph 1410 of FIG.
52 also shows peaks 1425 and 1430 along with region 1435.
Graph 1465 of FIG. 54 also shows peak 1475 along with
region 1480. Regions 1385, 1435 and 1480 show that there
is no optical absorption or emission for photon energy/
wavelengths below the energy gap of the MQW.

Yet a further feature of extremely wide bandgap metal
oxide semiconductors is the configuration of ohmic contacts
to n-type and p-type regions. The example diode structures
1255 comprise high work-function metal 1280 and low
work-function metal 1260 (ohmic contact metals). This is
because of the relative electron affinity of the metal-oxides
with respect to vacuum (refer to FIG. 9).

FIGS. 48, 50, 52 and 54 show the optical absorption
spectrum for the MQW regions contained within the diode
structures 1255. The MQW comprises two layers of a
narrower bandgap material and a wider bandgap material.
The thickness of the layers, and in particular the narrow
bandgap layer, are selected such that they are small enough
to exhibit quantization effects along the growth direction
within the conduction and valence potentials wells that are
formed. The absorption spectrum represents the creation of
an electron and hole in the quantized state of the MQW upon
resonant absorption of an incident photon.

The reversible process of photon creation is where the
electron and hole are spatially localized in their respective
quantum energy levels of the MQW and recombine by virtue
of the direct bandgap. The recombination produces a photon
with energy that equals approximately that of the bandgap of
the layer acting as the potential well having a direct energy
gap in addition to the energy separation of the quantized
levels within the potentials wells relative to the conduction
and valence band edges. The emission/absorption spectra
therefore show the lowest lying energy resonance peak
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indicative of the UVLED primary emission wavelength and
is engineered to be the desired operating wavelength of the
device.

FIG. 55 shows a plot 1500 of the known pure metal
work-function energy 1510 and sorts the metal species
(elemental metal contact 1505) from high 1525 to low 1515
work function for application to p-type and n-type ohmic
contacts and provides selection criteria for the metal con-
tacts for each of the conductivity type regions required by
the UVLED. Line 1520 represents the mid-point work
function energy with respect to the high 1525 and low 1515
limits depicted in FIG. 55.

In some embodiments, Ni, Os, Se, Pt, Pd, Ir, Au, W and
alloys thereof are used for the p-type regions, and low
work-function metals selected from Ba, Na, Cs, Nd and
alloys thereof can be used. Other selections are also pos-
sible. For example, in some cases, Al, Ti, Ti—Al alloys, and
titanium nitride (TiN) being common metals can also be
used as contacts to an n-type epitaxial oxide layer.

Intermediary contact materials such as semi-metallic pal-
ladium oxide PdO, degenerately doped Si or Ge and rare-
earth nitrides can be used. In some embodiments, ohmic
contacts are formed in-situ to the deposition process for at
least a portion of the contact materials to preserve the [metal
contact/metal oxide]| interface quality. In fact, single crystal
metal deposition is possible for some metal oxide configu-
rations.

X-ray diffraction (XRD) is one of the most powerful tools
available to crystal growth analysis to directly ascertain
crystallographic quality and crystal symmetry type. FIGS.
56 and 57 show the two-dimensional XRD data of example
materials of ternary AlGaO; and a binary Al,0,/Ga,O;
superlattice. Both structures are deposited pseudomorphic-
ally on corundum crystal symmetry substrates having an
A-plane oriented surface.

Referring now to FIG. 56, there is shown a reciprocal
lattice map 2-axis x-ray diffraction pattern 1600 for a 201
nm thick epitaxial ternary (Al, sGa, 5),0O5; on an A-plane
AL, O, substrate. Clearly, the in-plane and perpendicular
mismatch of the ternary film is well matched to the under-
lying substrate. The in-plane mismatch parallel to the plane
of growth is —-4088 ppm, and the perpendicular lattice
mismatch of the film is -23440 ppm. The relatively vertical
displacement of the ternary layer peak (Al ,Ga,_,),0O; with
respect to the substrate (SUB) shows excellent film growth
compatibility and is directly advantageous for UVLED
application.

Referring now to FIG. 57, there is shown a 2-axis x-ray
diffraction pattern 1700 of a 10 period SL[Al,0,/Ga,0;] on
an A-plane Al,O; substrate showing excellent strained
Ga,0; layers (no spread in 2theta angle)=>elastically
strained SL.. The SL period=18.5 nm and an effective SL.
digital Al % ternary alloy, x_Al~18%.

In further illustrative embodiments, an optoelectronic
semiconductor device in accordance with the present dis-
closure may be implemented as an ultraviolet laser device
(UVLAS) based upon metal oxide semiconducting materi-
als.

The metal oxide compositions having bandgap energy
commensurate with operation in the UVC (150-280 nm) and
far/vacuum UV wavelengths (120-200 nm) have the general
distinguishing feature of having intrinsically small optical
refractive index far from the fundamental band edge absorp-
tion. For operation as optoelectronic devices with energy
states in the immediate vicinity of the conduction and
valence band edges the effective refractive index is governed
by the Krammers-Kronig relations.
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FIGS. 58A-58B show a section of a metal-oxide semi-
conductor material 1820 having optical length 1850 along a
one-dimensional optical axis in accordance with an illustra-
tive embodiment of the present disclosure. An incident light
vector 1805 enters the material 1820 from air having refrac-
tive index n,, .. The light within the material 1820 is
transmitted and reflected (beams 1810) at the refractive
index discontinuities at each surface with a transmitted
optical beam 1815.

The material slab of length 1850 can support a number of
optical longitudinal modes 1825 as shown in FIG. 58A. The
transmission 1815 as a function of the optical wavelength
incident upon the slab shows a Fabry-Perot mode structure
having modes 1825. For a photon trapped within the optical
cavity defined by the one-dimensional slab it is possible in
accordance with the present disclosure to determine the
roundtrip losses of the slab and the required minimum
optical gain required to overcome these losses and enable a
net gain.

The threshold gain is calculated in FIG. 58B showing the
transmission factor 3 as a function of optical gain within the
slab for the forward 1830 and reverse 1835 propagating light
beams 1810. For this simple Fabry-Perot case the low
refractive index n,,,, =2.5 of slab length L_,,=1 micrometer
requires a threshold gain 1845 calculated by the full-width-
half max point of the peak gain at 1840.

Some embodiments implement semiconductor cavities
contained with a vertical-type structure 110 (e.g., see FIG.
2A) with sub-micron length scales. This is because of the
desire to localize the electron and hole recombination into a
narrow region. Confining the physical thickness of the slab,
where the carrier recombination occurs and light emission is
generated, aids in reducing the threshold current density
required to achieve lasing. It is therefore instructive to
understand the required threshold gain by reducing the gain
slab length.

FIGS. 59A-59B show the same optical material as FIGS.
58A-58B, but for the case of L_,,=500 nm. The smaller
cavity length 1860 compared to length 1850 results in fewer
allowed optical modes 1870. The required threshold gain
required to overcome cavity losses is increased to 1865
compared to the gain 1845 of FIG. 58A, referring to the
peaks 1877 calculated for forward and reverse propagating
modes 1880 and 1885, respectively, shown in FIG. 59B.

The increase in required threshold gain for a slab of metal
oxide material can be reduced dramatically by increasing the
slab length of the optical gain medium—in this case the
metal-oxide semiconducting region responsible for the opti-
cal emission process.

Referring again to FIGS. 2A and 2B, instead of using
vertical type 110 emission devices (i.e., FIG. 2A), some
embodiments utilize planar waveguide structures where the
optical mode overlaps an optical gain layer along the plane
parallel length. That is, even though the gain material is still
a thin slab the optical propagation vector is substantially
parallel to the plane of the gain slab.

This is shown schematically for structure 140 FIG. 2B and
structure 2360 in FIG. 74. Waveguide structures having
optical gain region layer thicknesses well below 500 nm are
possible and can even be as thin as 1 nanometer supporting
a quantum well (refer to FIGS. 64 to 68). The longitudinal
length of the waveguide can then be of the order of several
microns to even a few millimeters or even a centimeter. This
is an advantage of the waveguide structure. An added
requirement is the ability to confine and guide optical modes
along the major axis length of the waveguide, which can be
achieved by use of suitable refractive index discontinuities.
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Optical modes prefer to be guided in a higher refractive
index medium compared to the surrounding non-absorptive
cladding regions. This can be achieved using metal-oxide
compositions as set out in the present disclosure which can
be preselected to exhibit advantageous E-k band structure.

A UVLAS requires, in the most fundamental configura-
tion, at least one optical gain medium and an optical cavity
for recycling generated photons. The optical cavity must
also present a high reflector (HR) with low loss and an
output coupling reflector (OC) that can transmit a portion of
the optical energy generated with in the gain medium. The
HR and OC reflectors are in general plane parallel or enable
focusing of the energy within the cavity into the gain
medium.

FIG. 60 shows schematically an embodiment of an optical
cavity having HR 1900, gain medium 1905 substantially
filling the cavity of length 1935, and an OC 1915 having
physical thickness 1910. The standing waves 1925 and 1930
show two distinct optical wavelength optical fields that are
matched to the cavity length. The outcoupled light 1920 is
due to the OC leaking a portion of the trapped energy within
the cavity gain medium 1905. In one example, Aluminum
metal of low thickness<15 nm is utilized in the far or
vacuum UV wavelength regions and the transmission can be
tuned accurately by the Al-film thickness 1910. The lowest
energy standing wave 1925 has a node (peak intensity of the
optical field) at the center node 1945 of the cavity. The 1%
harmonic (standing wave 1930) exhibits to nodes 1940 and
1950, as shown.

FIG. 61 shows output wavelengths 1960 and 1965 from
the cavity with energy flow 1970. The cavity length 1935 is
the same as in FIG. 60. FIG. 61 shows that the cavity length
1935 can support two optical modes forming standing waves
1930 and 1925 of two different wavelengths. FIG. 61 shows
the emission or outcoupling of both wavelength modes
(standing waves 1930 and 1925) as wavelengths 1965 and
1960, respectively. That is, both modes propagate. Optical
gain medium 1905 substantially fills the optical cavity
length 1935. Only the peak optical field intensity nodes
1940, 1945 and 1950 couples to the spatial portions of the
gain medium 1905. It is therefore possible in accordance
with the present disclosure to configure the gain medium
within the optical cavity as shown in FIG. 62.

FIG. 62 shows a spatially selective gain medium 1980
which is contracted in length compared to optical gain
medium 1905 of FIGS. 60-61 and is positioned advanta-
geously within cavity length 1935 to amplify only the mode
1925. That is, optical gain medium 1980 favors the outcou-
pling of wavelength 1960 as the optical mode. The cavity
thus preferentially provides gain to the fundamental mode
1925 with output energy selected as wavelength 1960.

Similarly, FIG. 63 shows two spatially selective gain
media 1990 and 1995 positioned advantageously to amplify
only the mode of standing wave 1930. The cavity preferen-
tially provides gain to the mode of standing wave 1930 with
output energy selected as 1965.

This method involving spatially positioning the gain
regions within the optical cavity is one example embodiment
of the present disclosure. This can be achieved by predeter-
mining the functional regions as a function of the growth
direction during film formation process as described herein.
A spacer layer between the gain sections can comprise
substantially non-absorbing metal-oxide compositions and
otherwise provide electronic carrier transport functions, and
aid in the optical cavity tuning design.
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Attention is now directed towards the optical gain
medium design for application to UVLAS using metal-oxide
compositions set out in the present disclosure.

FIGS. 64A-64B and 65A-65B disclose bandgap engi-
neered quantum confinement structures of a single quantum
well (QW). It is to be understood a plurality of QWs is
possible, as is a superlattice. The wide bandgap electronic
barrier cladding layers are selected from metal-oxide mate-
rial composition A, B,O, and the potential well material is
selected as C,D,0O,. Metal cations A, B, C and D are selected
from the compositions set out in the present disclosure (0=x,
Y, Z, p, Q, r=l).

Predetermined selection of materials can achieve the
conduction and valence band offsets as shown in FIGS. 64A
and 64B. The case of A=Al, B=Ga to form
(Aly 65Bg 05),05=Al, ;Ga, ;05 and C=Al, D=Ga to form
(Al 05sBg 95)205=Al, ;Ga, ;05 is shown. The conduction
2005 and valence 2010 band spatial profile along a growth
direction, z is shown using the k=0 representation of the
respective E-k curves for each material.

FIG. 64A shows the QW having thickness 2015 of L,;,=5
nm generating quantized energy states 2025 and 2035 for the
allowed states of the electrons and holes in the conduction
and valence bands, respectively. The lowest lying quantized
electron state 2020 and highest quantized valence state 2030
participate in the spatial recombination process to create a
photon of energy equal to 2040.

Similarly, FIG. 64B shows the QW having thickness 2050
of L,;=2 nm generating quantized energy states within the
potential well for the allowed states of the electrons and
holes in the conduction and valence bands, respectively. The
lowest lying quantized electron state 2055 and highest
quantized valence state 2060 participate in the spatial
recombination process to create a photon of energy equal to
2065.

Reducing the QW thickness yet further results in the
spatial band structures of FIGS. 65A and 65B. FIG. 65A
shows the QW having thickness 2070 of L,;=1.5 nm
generating quantized energy states within the potential well
for the allowed states of the electrons and holes in the
conduction 2005 and valence 2010 bands, respectively. The
lowest lying quantized electron state 2075 and highest
quantized valence state 2080 participate in the spatial
recombination process to create a photon of energy equal to
2085.

FIG. 65B shows the QW having thickness 2090 of
L,7=1.0 nm generating quantized energy states within the
potential well for the allowed states of the electrons and
holes in the conduction and valence bands, respectively. The
QW can only support a single quantized electron state 2095
which participates with the highest quantized valence state
2100 in the spatial recombination process to create a photon
of energy equal to 2105.

The spontaneous emission due to the spatial recombina-
tion of the quantized electron and hole states for the QW
structures of FIGS. 64A, 64B, 65A and 65B are shown in
FIG. 66. The annihilation of the electron and hole pair
creates energetic photons of wavelengths peaked at 2115,
2120, 2125, 2130 and 2135 for the cases of L,,=5.0, 2.5,
2.0, 1.5 and 1 nm, respectively. Evident from the emission
spectra of 2110 is the excellent tunability of the operating
wavelength possible for the gain medium by virtue of using
the same barrier and well compositions but controlling L, ;-

Having fully described the utility of configuring metal-
oxide compositions for direct application to UVLAS gain
media, refer now to FIGS. 67A and 67B which describe in
further detail the electronic configuration of the gain
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medium. FIG. 67A shows again a QW configured using
metal-oxide layers to form an example QW structure as
described previously.

The QW thickness 2160 is tuned to achieve recombina-
tion energy 2145. The k=0 representation of the QW in FIG.
67A is representative of the non-zero crystal wave vector
dispersion of the quantized energy states 2165 and 2180 for
the electron (conduction band 2190) and hole (valence band
2205) states. For completeness, the underlying bulk E-k
dispersion are also shown as 2170 and 2175 at k=0 and 2185
and 2200 for non-zero k. The schematic E-k diagram is
critical for describing the population inversion mechanism
for creating excess electrons and holes in the conduction and
valence band necessary for providing optical gain.

The band structure shown in FIG. 68A describes the
electronic energy configuration states when the conduction
band quasi-Fermi energy level 2230 is positioned such that
it is above the electronic quantized energy state 2235.
Similarly, the valence band quasi-Fermi energy is selected to
penetrate the valence band level 2245 creating an excess
hole density 2225. The E-k curve of conduction band 2195
shows that electron states 2220 are filled with electrons
having non-zero crystal momentum states |kI>0 being pos-
sible. Valence band level 2240 is the valence band edge of
the bulk material used in the narrow bandgap region of the
MQW. When the narrow bandgap material is confined in the
MQW, the energy states are quantized, creating the band
structure dispersion for conduction band 2195 and valence
band 2205. Valence band level 2240 is then the valence band
maximum of the MQW region. Valence band level 2245
represents the Fermi energy level of the valence band when
configured as a p-type material. This makes excess hole
density 2225 region filled with holes that can participate in
optical gain.

Optical recombination process can occur for ‘vertical
transitions’ wherein the change in crystal momentum
between the electron and holes state is identically zero. The
allowed vertical transitions are shown as 2210 at k=0 and
2215 k=0. Calculation of the integrated gain spectrum for
the representative band structure of FIG. 68A is shown in
FIG. 68B. Specific input parameters for the gain spectra are
Lo»=2 nm, an electron to hole concentration ratio of 1.0, a
carrier relaxation time of t=1 ns and an operating tempera-
ture of T=300 K. Curves 2275 to 2280 show an increase in
the electron concentration N, where 0=N_<5x10** m~>.

Net positive gain 2250 is achievable under high electron
concentrations with threshold N,~4x10** m~>. These param-
eters are of the order achievable by other technologically
mature semiconductors such as GaAs and GaN. In some
embodiments, the metal oxide semiconductor by virtue of
having an intrinsically high bandgap will also be less
susceptible to gain reduction with operating temperature.
This is evidenced by conventional optically pumped high
power solid-state Ti-doped Al,O; laser crystals.

FIG. 68B shows the net gain 2265 and net absorption
2270 as a function of N,. The range of crystal wave vectors
which can contribute to vertical transitions determines the
width of the net gain region 2250. This is fundamentally
determined by the achievable excess electron 2220 and hole
2225 states possible by manipulating the quasi-Fermi ener-
gies.

The region 2255 is below the fundamental bandgaps of
the host QW and is therefore non absorbing. Optical modu-
lators are therefore also possible using metal-oxide semi-
conductor QWs. Of note is the point of induced transparency
2260 where the QW achieves zero loss.
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Manipulating the quasi-Fermi energy is not the only
method available for creating excess electron and hole pairs
in the vicinity of the zone-center band structure enabling
optical emission. Consider FIGS. 69A and 69B showing the
E-k band structures for the case of direct bandgap materials
(FIG. 69A) and pseudo-direct bandgap materials, for
example, metal-oxide SI. with period selected to create
valence maxima as shown in curves 2241 with hole states
2246 of FIG. 69B.

Assuming similar conduction band dispersions 2195, for
both valence band types of 2205 and 2241, a configuration
can be achieved wherein the same vertical transitions are
possible. Substantially similar gain spectra as disclosed in
FIG. 68B are possible for both types shown in FIGS. 69A
and 69B.

Yet a further method is disclosed for an alternative
method of creating electron and hole states suitable for
creating optical emission and optical gain with metal-oxide
semiconductor structures.

Consider FIGS. 70A and 70B, which show an impact
ionization process with a metal-oxide semiconductor having
a direct bandgap. While impact ionization is a known
phenomenon and process in semiconductors, not so well
known is the advantageous properties of extremely wide
energy bandgap metal oxides. One of the most promising
properties that has been found in accordance with the
present disclosure is the exceedingly high dielectric break-
down strength of metal-oxides.

In prior art small bandgap semiconductors such as Si,
GaAs and the like, impact ionization processes when lev-
eraged in device functions tend to wear-out the materials by
the creation of crystallographic defects/damage. This
degrades the material over time and limits the number of
breakdown events possible before catastrophic device fail-
ure.

Extreme wide bandgap gap metal oxides with Eg>5 eV
possess advantageous properties for creating impact ioniza-
tion light emission devices.

FIG. 70A shows a metal oxide direct bandgap of 2266
with a ‘hot’ (high energy) electron injected into the conduc-
tion band at electron state 2251 with excess kinetic energy
2261 with respect to the conduction band 2256 edge. Metal-
oxides can easily withstand excessively high electrical fields
placed across thin films (V,,>1 to 10 MV/cm).

Operating with a metal oxide slab biased at below and
close to the breakdown voltage enables an impact ionization
event as shown in FIG. 70B. The energetic electron 2251
interacts with the crystal symmetry of the host and can
produce a lower energy state by coupling to the available
thermalizing with lattice vibration quanta called phonons
and pair production. That is, the impact ionization event
comprising a hot electron 2251 is converted into two lower
energy electron states 2276 and 2281 near the conduction
band minimum as well as a new hole state 2286 created at
the top of the valence band 2271. The electron-hole pair
produced 2291 is a potential recombination pair to create a
photon of energy 2266.

It has been found in accordance with the present disclo-
sure that impact ionization pair production is possible for
excess electron energy 2261 of about half the bandgap
energy 2266. For example, if E;=5 eV 2266 then hot
electrons with respect to the conduction band edge of ~2.5
eV can initiate pair production process as described. This is
achievable for Al,0,/Ga,O; heterostructures wherein an
electron from Al,O; is injected into the Ga,O; across the
heterojunction. Impact ionization is a stochastic process and
requires a minimum interaction length to create a finite
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energy distribution of electron-hole pairs. In general, 100
nm to 1 micron of interaction length is useful for creating
significant pair production.

FIGS. 71A and 71B show that impact ionization is also
possible in pseudo-direct and indirect band structure metal
oxides. FIG. 71A recites the case previously for direct
bandgap, and FIG. 71B shows the same process for an
indirect bandgap valence band 2294 wherein the electron-
hole pair production 2292 requires a k=0 hole state 2296 to
be created, necessitating a phonon for momentum conser-
vation. As such, FIG. 71B demonstrates that an optical gain
medium is also possible in pseudo-direct band structures
such as 2294.

FIGS. 72A and 72B disclose further detail of the disclo-
sure using impact ionization processes for optical gain
medium by selecting advantageous properties of the band
structure.

FIG. 72A describes the band structure of FIGS. 68A-68B,
69A-69B, 70A-70B and 71A-71B for in-plane crystal wave
vectors k; and the wavevector along the quantization axis k,
that is parallel to the epilayer growth direction z.

The conduction 2320 and valence 2329 band dispersions
are shown along k, in FIG. 72A. If the k=0 spatial band
structure of material having bandgap 2266 depicted in FIG.
72A is plotted along the growth direction, the resulting
spatial-energy band diagram is shown in FIG. 72B. Along
the growth direction z, the hot electron 22514« is injected into
the conduction band producing impact ionization process
and pair production 2290. If a slab of the metal-oxide
material is subjected to a large electric field directed along
7, the band structure has a potential energy along z that is
linearly decreasing. An impact ionization event producing
electron 2276 and hole 2286 pair quasi-particle production
2290 can undergo recombination and produce a bandgap
energy photon.

The remaining electron 2276 can be accelerated by the
applied electric field to create another hot electron 2252. The
hot electron 2252 can then impact ionize and repeat the
process. Therefore, the energy supplied by the external
electric field can generate the pair product and photon
generation process. This process is particularly advanta-
geous for metal-oxide light emission and optical gain for-
mation.

Lastly, there are three laser topologies that can be utilized
advantageously in accordance with the principle set out in
the present disclosure.

The basic components are: (i) an electronic region form-
ing and generating an optical gain region; and (ii) an optical
cavity containing the optical gain region.

FIG. 73 shows a semiconductor optoelectronic device in
the form of a vertical emission type UVLAS 2300 compris-
ing an optical gain region 2330 of thickness 2331; an
electron injector 2310 region 2325; a hole injector 2315
region 2335. Regions 2325 and 2335 may be n-type and
p-type metal oxide semiconductors and substantially trans-
parent to the operating wavelength emitted from the device
along axis 2305. The electrical excitation source 200 is
operably connected to the device via conductive layers 2340
and 2320 which are also operable as a high reflector and
output coupler, respectively. The optical cavity between the
reflectors (conductive layers 2340 and 2320) is formed by
the sum of the stack of layers 2325, 2330 and 2335.

A portion of the thickness of the reflectors is also included
as the cavity thickness if they are partially absorbing and of
multilayer dielectric type. For the case of pure and ideal
metal reflectors, the mirror thickness can be neglected.
Therefore, the optical cavity thickness is governed by the
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layers 2325, 2330 and 2335, of which the optical gain region
2330 is advantageously positioned with respect to the cavity
modes as described in FIGS. 61, 62 and 63. The photon
recycling 2350 is shown by the optical reflection from the
mirrors/reflectors 2340 and 2320.

Yet another option for creating a UVLAS structure as
shown in FIG. 73 is an embodiment in which the reflectors
2320 and 2340 form part of the electrical circuit and
therefore must be conducting and must also be operable as
reflectors forming the optical cavity. This can be achieved by
using elemental Aluminum layers to act as at least one of the
HR or OC.

An alternative UVLAS configuration decouples the opti-
cal cavity from the electrical portion for the structure. For
example, FIG. 74 discloses a UVLAS 2360 having an
optical cavity formed comprising HR 2340 and OC 2320
that are not part of the electrical circuit. The optical gain
region 2330 is positioned with the cavity enabling photon
recycling 2350. The optical axis is directed along axis 2305.
Insulating spacer layer metal oxide regions may be provided
within the cavity to tailor the position of the gain region
2330 between the reflectors 2340 and 2320. The electron
2325 and hole injectors and 2335 provide laterally trans-
ported carriers into the gain region 2330.

Such as structure can be achieved for a vertical emitting
UVLAS by creating p-type and n-type regions laterally
disposed to connect only a portion of the gain region. The
reflectors may be positioned also on a portion of the optical
gain region to create the cavity photon recycling 2350.

Yet even a further illustrative embodiment is the wave-
guide device 2370 shown in FIG. 75.

FIG. 75 shows the waveguide structure 2370 having a
major axis 2305 with epitaxial regions formed sequentially
along the growth direction z comprising of electron injector
2325, optical gain region 2330 and hole injector region
2335. Single-mode or multi-mode waveguide structures
having refractive indices are selected to create confined
optical radiation of forward and reverse propagating modes
2375 and 2380. The cavity length 2385 is terminated at each
end with reflectors 2340 and 2320. High reflector 2340 can
be metallic or distributed feedback type comprising etched
grating or multilayer dielectric conformally coated to a
ridge. The OC 2320 can be a metallic semi-transparent film
of dielectric coating or even a cleaved facet of the semicon-
ductor slab.

As would be appreciated, optical gain regions may be
formed using metal-oxide semiconductors in accordance
with the present disclosure that are electrically stimulated
and/or optically pumped/stimulated where the optical cavity
may be formed in both vertical and waveguide structures as
required.

The present disclosure teaches new materials and pro-
cesses for realizing optoelectronic light emitting devices
based on metal oxides capable of generating light deep into
the UVC and far/vacuum UV wavelength bands. These
processes include tuning or configuring the band structure of
different regions of the device using a number of different
methods including, but not limited to, composition selection
to achieve desired band structure including forming effective
compositions by the use of superlattices comprising different
layers of repeating metal oxides. The present disclosure also
teaches the use of biaxial strain or uniaxial strain to modify
band structures of relevant regions of the semiconductor
device as well as strain matching between layers, e.g., in a
superlattice, to reduce crystal defects during the formation of
the optoelectronic device.
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As would be appreciated, metal oxide based materials are
commonly known in the prior-art for their insulating prop-
erties. Metal oxide single crystal compositions, such as
Sapphire (corundum-Al,O;) are available with extremely
high crystal quality and are readily grown in large diameter
wafers using bulk crystal growth methods, such as Czochral-
ski (CZ), Edge-fed growth (EFG) and Float-zone (FZ)
growth. Semiconducting gallium-oxide having monoclinic
crystal symmetry has been realized using essentially the
same growth methods as Sapphire. The melting point of
Ga,0; is lower than Sapphire so the energy required for the
CZ, EFG and FZ methods is slightly lower and may help
reduce the large scale cost per wafer. Bulk alloys of AlGaO,
bulk substrates have not yet been attempted using CZ or
EFG. As such, metal oxide layers of the optoelectronic
devices may be based on these metal oxide substrates in
accordance with examples of the present disclosure.

The two binary metal oxide materials Ga,0; and Al,O,
exist in several technologically relevant crystal symmetry
forms. In particular, the alpha-phase (rhombohedral) and
beta-phase (monoclinic) are possible for both Al,O; and
Ga,0;. Ga,0; energetically favors the monoclinic structure
whereas Al,O; favors the rhombohedral for bulk crystal
growth. In accordance with the present disclosure atomic
beam epitaxy may be employed using constituent high
purity metals and atomic oxygen. As demonstrated in this
disclosure, this enables many opportunities for flexible
growth of heterogeneous crystal symmetry epitaxial films.

Two example classes of device structures that are particu-
larly suitable to UVLED include: high Al-content
Al Ga,_,O; deposited on Al,O; substrates and high Ga-
content AlGaO; on bulk Ga,O; substrates. As has been
demonstrated in this disclosure, the use of digital alloys and
superlattices further extends the possible designs for appli-
cation to UVLEDs. As has also been demonstrated in some
examples of the present disclosure, the selection of various
Ga,0; and Al,O; surface orientations when presented for
AlGaO; epitaxy can be used in conjunction with growth
conditions such as temperature and metal-to-atomic-oxygen
ratio and relative metal ratio of Al to Ga in order to
predetermine the crystal symmetry type of the epitaxial films
which may be exploited to determine the band structure of
the optical emission or conductivity type regions.

Epitaxial Oxide Materials and Semiconductor Structures

Epitaxial oxide materials, semiconductor structures com-
prising epitaxial oxide materials, and devices containing
structures comprising epitaxial oxide materials are described
herein.

FIGS. 76 A-1 through 76D show charts and tables of DFT
calculated minimum bandgap energies and lattice param-
eters for some examples of epitaxial oxide materials. The
epitaxial oxide materials described herein can be any of
those shown in the table in FIG. 28 and in FIGS. 76A-1,
76A-2 and 76B. Some examples of epitaxial oxide materials
are (AlGa, ,),0; where 0=x<l; (Al Ga,_,),0, where
O=x=1, 1=y=3, and 2=7<4 (with a space group that is R3c
(ie., a), pna2l (i.e, x), C2m (i.e., p), Fd3m (i.e., y), and/or
Ia3 (ie., 8)); NiO; (Mg, Zn,_)z(Al,Ga, )5 _,,Os . Where
O=x<l, O<y=<l and O=z=1; (Mg, Ni,_,),(AL,Ga,_,),_,Os3_5,
where O=x<l, O=y=l and O=z=l; MgAl,O,; 7ZnGa,0,;
(Mg, Zn Ni, )ALl Ga,_,),0, where O=x=<1, O<y=l (e.g,
(Mg, Zn, _J(Al),0,), or (Mg)(ALGa,_,),0,); (ALGa,_,),
(Si,Ge;_,)O5 where Osx=l1 and 0=z<l; (Al Ga,_ ),LiO,
where O=x=<l; and (Mg, Zn,_ . Ni ),GeO, where O=x=I,
O=<yl.

An “epitaxial oxide” material described herein is a mate-
rial comprising oxygen and other elements (e.g., metals or

25

30

40

45

50

55

65

78

non-metals) having an ordered crystalline structure config-
ured to be formed on a single crystal substrate, or on one or
more layers formed on the single crystal substrate. Epitaxial
oxide materials have defined crystal symmetries and crystal
orientations with respect to the substrate. Epitaxial oxide
materials can form layers that are coherent with the single
crystal substrate and/or with the one or more layers formed
on the single crystal substrate. Epitaxial oxide materials can
be in layers of a semiconductor structure that are strained,
wherein the crystal of the epitaxial oxide material is
deformed compared to a relaxed state. Epitaxial oxide
materials can also be in layers of a semiconductor structure
that are unstrained or relaxed.

In some embodiments, the epitaxial oxide materials
described herein are polar and piezoelectric, such that the
epitaxial oxide materials can have spontaneous or induced
piezoelectric polarization. In some cases, induced piezoelec-
tric polarization is caused by a strain (or strain gradient)
within the multilayer structure of the chirp layer. In some
cases, spontaneous piezoelectric polarization is caused by a
compositional gradient within the multilayer structure of the
chirp layer. For example, (AlGa,_,),0,, where O=x=I,
1=y=3, and 2=<7=4, and with a Pna21 space group is a polar
and piezoelectric material. Some other epitaxial oxide mate-
rials that are polar and piezoelectric are Li(AlLGa,_,)O,
where O=x=<1, with a Pna2l or a P421212 space group.
Additionally, the crystal symmetry of an epitaxial oxide
layer (e.g., comprising materials shown in the table in FIG.
28 and in FIGS. 76A-1, 76 A-2 and 76B) can be changed
when the layer is in a strained state. In some cases, such an
asymmetry in the crystal symmetry caused by strain can
change the space group of an epitaxial oxide material. In
some cases, an epitaxial oxide layer (e.g., comprising mate-
rials shown in the table in FIG. 28 and in FIGS. 76A-1,
76A-2 and 76B) can become polar and piezoelectric, when
the layer is in a strained state.

In some embodiments, the epitaxial oxide materials
described herein can each have a cubic, tetrahedral, rhom-
bohedral, hexagonal, and/or monoclinic crystal symmetry.
In some embodiments, the epitaxial oxide materials in the
semiconductor structures described herein comprise
(AlGa, ), 0,, where Osxsl, 1=<y<3, and 2sz<4, with a
space group that is R3¢, Pna21, C2m, Fd3m and/or Ia3.

The epitaxial oxide materials described herein can be
formed using an epitaxial growth technique such as molecu-
lar beam epitaxy (MBE), metal organic chemical vapor
deposition (MOCVD), atomic layer deposition (ALD), and
other physical vapor deposition (PVD) and chemical vapor
deposition (CVD) techniques.

The semiconductor structures comprising epitaxial oxide
materials described herein can be a single layer on a sub-
strate or multiple layers on a substrate. Semiconductor
structures with multiple layers can include a single quantum
well, multiple quantum wells, a superlattice, multiple super-
lattices, a compositionally varied (or graded) layer, a com-
positionally varied (or graded) multilayer structure (or
region), a doped layer (or region), and/or multiple doped
layers (or regions). Such semiconductor structures with one
or more doped layers (or regions) can include layers (or
regions) that are doped p-n, p-i-n, n-i-n, p-i-p, n-p-n, p-n-p,
p-metal (to form a Schottky junction), and/or n-metal (to
form a Schottky junction). Other types of devices, such as
m-s-m (metal-semiconductor-metal) where the semiconduc-
tor comprises an epitaxial oxide material doped n-type,
p-type, or not intentionally doped (i-type).

In this specification, the term “superlattice” (SL) refers to
a layered structure comprising a plurality of repeating SL
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unit cells each including two or more layers, where the
thickness of each SL unit cell may vary or remain constant
and where the thickness of the individual layers in the SL
unit cells may vary or be constant. Furthermore, the two or
more layers of each SL unit cell may be small enough to
allow wavefunction penetration between the constituent
layers of a SL unit cell such that quantum tunnelling of
electrons and/or holes can readily occur. A wavefunction is
aprobability amplitude in quantum mechanics that describes
the quantum state of a particle and how it behaves.

The semiconductor structures described herein can
include similar or dissimilar epitaxial oxide materials. In
some cases, the crystal symmetry of the substrate and the
epitaxial layers in the semiconductor structure will all have
the same crystal symmetry. In other cases, the crystal
symmetry can vary between the substrate and the epitaxial
layers in the semiconductor structure.

The epitaxial oxide layers in the semiconductor structures
described herein can be i-type (i.e., intrinsic, or not inten-
tionally doped), n-type, or p-type. The epitaxial oxide layers
that are n-type or p-type can contain impurities that act as
extrinsic dopants. In some cases, the n-type or p-type
layers can contain a polar epitaxial oxide material
(e.g., (AL Ga,_,),0,, where O=x=<1, 1=y=<3, and 2=z=<4, and
with a Pna21 space group), and the n-type or p-type con-
ductivity can be formed via polarization doping (e.g., due to
a strain or composition gradient within the layer(s)).

The semiconductor structures with doped layers (or
regions) comprising epitaxial oxide materials can be doped
in several ways. In some embodiments, a dopant impurity
(e.g., an acceptor impurity, or a donor impurity) can be
co-deposited with the epitaxial oxide material to form a
layer such that the dopant impurity is incorporated into the
crystalline layer (e.g., substituted in the lattice, or in an
interstitial position) and forms active acceptors or donors to
provide the material p-type or n-type conductivity. In some
embodiments, a dopant impurity layer can be deposited
adjacent to a layer comprising an epitaxial oxide material
such that the dopant impurity layer includes active acceptors
or donors that provide the epitaxial oxide material p-type or
n-type conductivity. In some cases, a plurality of alternating
dopant impurity layers and layers comprising epitaxial oxide
materials form a doped superlattice, where the dopant impu-
rity layers provide p-type or n-type conductivity to the
doped superlattice.

Suitable substrates for the formation of the semiconductor
structures comprising epitaxial oxide materials described
herein include those that have crystal symmetries and lattice
parameters that are compatible with the epitaxial oxide
materials deposited thereon. Some examples of suitable
substrates include Al,O; (any crystal symmetry, and
C-plane, R-plane, A-plane or M-plane oriented), Ga,O; (any
crystal symmetry), MgO, LiF, MgAl,0,, MgGa,0,,
LiGa0,, LiAlO,, (Al Ga,_,),0,. where O=xxl, 1<y=<3, and
2=<7=<4 (any crystal symmetry), MgF,, LaAlO;, TiO,, or
quartz.

The crystal symmetry of the substrate and the epitaxial
oxide material can be compatible if they have the same type
of crystal symmetry and the in-plane (i.e., parallel with the
surface of the substrate) lattice parameters and atomic
positions at the surface of the substrate provide a suitable
template for the growth of the subsequent epitaxial oxide
materials. For example, a substrate and an epitaxial oxide
material can be compatible if the in-plane lattice constant
mismatch between the substrate and the epitaxial oxide
material are less than 0.5%, 1%, 1.5%, 2%, 5% or 10%. For
example, in some embodiments the crystal structure of the
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substrate material has a lattice mismatch of less than or equal
to 10% with the epitaxial layer. In some cases, the crystal
symmetry of the substrate and the epitaxial oxide material
can be compatible if they have a different type crystal
symmetry but the in-plane (i.e., parallel with the surface of
the substrate) lattice parameters and atomic positions at the
surface of the substrate provide a suitable template for the
growth of the subsequent epitaxial oxide materials. In some
cases, multiple (e.g., 2, 4 or other integer) unit cells of a
substrate surface atomic arrangement can provide a suitable
surface for the growth of an epitaxial oxide material with a
larger unit cell than that of the substrate. In another case, the
epitaxial oxide layer can have a smaller lattice constant (e.g.,
approximately half) than the substrate. In some cases, the
unit cells of the epitaxial oxide layer may be rotated (e.g., by
45 degrees) compared to the unit cells of the substrate.

In the case of epitaxial oxide materials with cubic crystal
symmetries, the lattice constants in all three directions of the
crystal are the same, and the orthogonal in-plane lattice
constants will be also be the same. In some cases, the
epitaxial material has a crystal symmetry where two lattice
constants are the same (e.g., a=b=c) and the crystal is
oriented such that those lattice constants (a and b) are at an
interface of a heterostructure between dissimilar epitaxial
oxide materials (e.g., with different compositions, different
bandgaps, and either the same or a different crystal symme-
try). In other cases, the epitaxial oxide materials can have
two different lattice constants (e.g., a=b=c, or a=b=c and
oriented such that lattice constants a and ¢, or b and ¢, are
at the interface). In such cases, where the orthogonal in-
plane lattice constants are different, the lattice constants in
both orthogonal directions need to be within a certain
percentage mismatch (e.g., within 0.5%, 1%, 1.5%, 2%, 5%
or 10%) of the lattice constants in both orthogonal directions
of another material with which it is compatible.

In some cases, the epitaxial oxide materials of the semi-
conductor structures described herein and the substrate
material upon which the semiconductor structures described
herein are grown are selected such that the layers of the
semiconductor structure have a predetermined strain, or
strain gradient. In some cases, the epitaxial oxide materials
and the substrate material are selected such that the layers of
the semiconductor structure have in-plane (i.e., parallel with
the surface of the substrate) lattice constants (or crystal
plane spacings) that are within 0.5%, 1%, 1.5%, 2%, 5% or
10% of an in-plane lattice constant (or crystal plane spacing)
of the substrate.

In other cases, a buffer layer including a graded layer or
region can be used to reset the lattice constant (or crystal
plane spacing) of the substrate, and the layers of the semi-
conductor structure have in-plane lattice constants (or crys-
tal plane spacings) that are within 0.5%, 1%, 1.5%, 2%, 5%
or 10% of the final (or topmost) lattice constant (or crystal
plane spacing) of the buffer layer. In such cases, the mate-
rials in the semiconductor structure may have lattice con-
stants and/or crystal symmetries that are different from those
of the substrate. In such cases, even though the materials in
the semiconductor structure are not compatible with the
substrate, the materials in the semiconductor structure can
still be grown on the substrate using the buffer layer includ-
ing the graded layer or region to reset the lattice constant.

The devices comprising the semiconductor structures
comprising the epitaxial oxide materials described herein
can include electronic and optoelectronic devices. For
example, the devices described herein can be resistors,
capacitors, inductors, diodes, transistors, amplifiers, photo-
detectors, LEDs or lasers.
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In some embodiments, the devices comprising the semi-
conductor structures comprising the epitaxial oxide materi-
als described herein are optoelectronic devices, such as
photodetectors, LEDs and lasers, that detect or emit UV light
(e.g., with a wavelength from 150 nm to 280 nm). In some
cases, the device comprises an active region wherein the
detection or emission of light occurs, and the active region
comprises an epitaxial oxide material with a bandgap
selected to detect or emit UV light (e.g., with a wavelength
from 150 nm to 280 nm).

In some embodiments, the devices comprising the semi-
conductor structures comprising the epitaxial oxide materi-
als described herein utilize carrier multiplication, for
example from impact ionization mechanisms. The bandgaps
of the epitaxial oxide materials are wide (e.g., from about 2.5
eV to about 10 eV, or from about 3 eV to about 9 eV). The
wide bandgaps provide high dielectric breakdown strengths
due to the epitaxial oxide materials described herein.
Devices including wide bandgap epitaxial oxide materials
can have large internal fields and/or be biased at high
voltages without damaging the materials of the device due to
the high dielectric breakdown strengths of the constituent
epitaxial oxide materials. The large electric fields present in
such devices can lead to carrier multiplication through
impact ionization, which can improve the characteristics of
the device. For example, an avalanche photodetector (APD)
can be made to detect low intensity signals, or an LED or
laser can be made with high electrical power to optical
power conversion efficiency.

Density functional theory (DFT) enables prediction and
calculation of the crystal oxide band structure on the basis of
quantum mechanics without requiring phenomenological
parameters. DFT calculations applied to understanding the
electronic properties of solid-state oxide crystals is based
fundamentally on treating the nuclei of the atoms compris-
ing the crystal as fixed via the Born-Oppenheimer approxi-
mation, thereby generating a static external potential in
which the many-body electron fields are embedded. The
crystal structure symmetry of the atomic positions and
species imposes a fundamental structure effective potential
for the interacting electrons. The effective potential for the
many-body electron interactions in three-dimensional spa-
tial coordinates can be implemented by the utility of func-
tionals of the electron density. This effective potential
includes exchange and correlation interactions, representing
interacting and non-interacting electrons. For application to
solid-state semiconductors and oxides there exists a range of
improved exchange functionals (XCF) that improve the
accuracy of the DFT results. Within the DFT framework the
many-electron Schrédinger equation is divided into two
groups: (i) valence electrons; and (ii) inner core electrons.
Inner shells electrons are strongly bound and partially screen
the nucleus, forming with the nucleus an inert core. Crystal
atomic bonds are primarily due to the valence electrons.
Therefore, inner electrons can be ignored in a large number
of cases, thereby reducing the atoms comprising the crystal
to an ionic core that interacts with the valence electrons. This
effective interaction is called a pseudopotential and approxi-
mates the potential felt by the valence electrons. One notable
exception of the effect of inner core electrons is in the case
of Lanthanide oxides, wherein partially filled Lanthanide
atomic 4f-orbitals are surrounded by closed electron orbit-
als. The present DFT band structures disclosed herein
account for this effect. There exist many improvements for
XCF to attain higher accuracy of band structures applied to
oxides. For example, improvements over historical XCFs of
the known local density approximation (LDA), generalized
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gradient approximation (GGA) hybrid exchange (e.g., HSE
(Heyd-Scuseria-Ernzerhof), PBE (Perdew-Burke-Ernzer-
hof) and BLYP (Becke, Lee, Yang, Parr)) include the use of
the Tran-Blaha modified Becke-Johnson (TBmBJ) exchange
functional, and further modifications, such as the KTBmBI,
JTBSm, and GLLBsc forms. It was found in accordance
with the present disclosure that in particular for the present
materials disclosed, the TBmBJ exchange potential can
predict the electron energy-momentum (E-k) band structure,
bandgaps, lattice constants, and some mechanical properties
of epitaxial oxide materials. A further benefit of the TBmBIJ
is the lower computational cost compared to HSE when
applied to a large number of atoms in large supercells which
are used to simulate smaller perturbations to an idealized
crystal structure, such as impurity incorporation. It is
expected that further improvements over TBmBI applied
specifically to the present oxide systems can also be
achieved. DTF calculations are used extensively in the
present disclosure to provide ab-initio insights into the
electronic and physical properties of the epitaxial oxide
materials described herein, such as the bandgap and whether
the bandgap is direct or indirect in character. The electronic
and physical properties of the epitaxial oxide materials can
be used to design semiconductor structures and devices
utilizing the epitaxial oxide materials. In some cases, experi-
mental data has also been used to verify the properties of the
epitaxial oxide materials and structures described herein.

Calculated E-k band diagrams of epitaxial oxide materials
derived using DFT calculations are described herein. There
are several features of the E-k diagrams that can be used to
provide insight into the electronic and physical properties of
the epitaxial oxide materials. For example, the energies and
k-vectors of valence band and conduction band extrema
indicate the approximate energy width of the bandgap and
whether the bandgap has a direct or an indirect character.
The curvature of the branches of the valence band and
conduction band near the extrema are related to the hole and
electron effective masses, which relates to the carrier mobili-
ties in the material. DFT calculations using the TBmBJ
exchange functional more accurately shows the magnitude
of the bandgap of the material compared to previous
exchange functionals, as verified by experimental data. The
calculated band diagrams of epitaxial materials in this
disclosure may differ from the actual band diagrams of the
epitaxial materials in some ways. However, certain features,
such as the valence band and conduction band extrema, and
the curvature of the branches of the valence band and
conduction band near the extrema, may closely correspond
to the actual band diagrams of the epitaxial materials.
Therefore, even if some details of the band diagrams are
inaccurate, the calculated band diagrams of epitaxial mate-
rials in this disclosure provide useful insights into the
electronic and physical properties of the epitaxial oxide
materials, and can be used to design semiconductor struc-
tures and devices utilizing the epitaxial oxide materials.

FIGS. 76A-1 through 76D show charts and tables of DFT
calculated minimum bandgap energies and lattice param-
eters for some examples of epitaxial oxide materials.

FIGS. 76 A-1 and 76A-2 show a table of crystal symme-
tries (or space groups), lattice constants (“a,” “b,” and “c,”
in different crystal directions, in Angstroms), bandgaps
(minimum bandgap energies in eV), and the wavelength of
light (“Ag,” in nm) that corresponds to the bandgap energy.
FIGS. 76B and 76C show charts of some epitaxial oxide
material bandgaps (minimum bandgap energies in eV) and
in some cases crystal symmetry (e.g., a-, p-, y- and
K-Al,Ga,_,O,) versus lattice constant (in Angstroms) of the
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epitaxial oxide material. FIG. 76C includes “small,” “mid,”
and “large” lattice constant sets of epitaxial oxide materials.
Epitaxial oxide materials within each of these sets (or in
some cases between the sets) may be compatible with one
another, as described further herein. FIG. 76D shows a chart
of lattice constant, b, in Angstroms, versus lattice constant,
a, in Angstroms, of some epitaxial oxide materials.

Bandgaps of the materials shown in FIGS. 76 A-1 through
76C were obtained using computer modeling. The computer
models used DFT and the TBMBJ exchange potential.

The charts and tables in FIGS. 76A-1 through 76C show
that the composition and the crystal symmetry (or space
group) can each affect the bandgap of an epitaxial oxide
material. For example, f-Ga,0; (i.e., Ga,O; with a C2m
space group) has a bandgap of about 4.9 eV, while
B-(Al, sGa, 5),0; (ie., Ga,O, with a C2m space group) has
a bandgap of about 6.1 eV. In other words, changing the Al
content of (Al Ga,_,),0; (e.g., adding Al to Ga,O; to form
(Al sGa, 5),0;) increases the bandgap of the material. In
another example, $-Ga,0; (i.e.,, Ga,0; with a C2m space
group) has a bandgap of about 4.9 eV, while k-Ga,O; (i.e.,
Ga,0O; with a Pna2l space group) has a bandgap of about
5.36 eV, which illustrates that changing the crystal symme-
try (or space group) of an epitaxial oxide material (without
changing the composition) can also change its bandgap.

The character of the band structure can also be affected by
the composition and the crystal symmetry (or space group)
of epitaxial oxide materials, as well as by a tensile or
compressive strain state of the material. For example, the
composition and crystal symmetry (or space group) of an
epitaxial oxide material can determine if the minimum
bandgap energy corresponds to a direct bandgap transition
or an indirect bandgap transition. In addition to the compo-
sition and crystal symmetry (or space group), the strain state
of an epitaxial oxide material can also affect the minimum
bandgap energy, and whether the minimum bandgap energy
corresponds to a direct bandgap transition or an indirect
bandgap transition. Other materials properties (e.g., the
electron and hole effective masses) can also be impacted by
the composition, crystal symmetry (or space group), and
strain state of an epitaxial oxide material.

The charts and table in FIGS. 76A-1 through 76D illus-
trate that some epitaxial oxide materials have crystal sym-
metries such that the lattice constants in the a and b
directions are the same. Some of the lattice constants shown
in the chart in FIG. 76D lie along the diagonal (i.e., where
lattice constant, a=lattice constant, b). Such epitaxial oxide
materials can have a cubic crystal symmetry (or an Fd3m
space group), for example y-Ga,O; (ie., Ga,0; with an
Fd3m space group), or y-(Al,Ga,_,),0; or y-(Al,Ga,_,),0,
where O=x=<l, l=<y=3, and 2=<7=<4. Such epitaxial oxide
materials can also have a hexagonal crystal symmetry (or an
R3c space group), for example a-Ga,O; (i.e., Ga,0; with an
R3c space group), or a-(Al,Ga,_,),0;.

The charts and table in FIGS. 76A-1 through 76D also
illustrate that some epitaxial oxide materials have crystal
symmetries such that the lattice constants in the a and b
directions are different. Some of the lattice constants shown
in the chart in FIG. 76D lie off of the diagonal (i.e., where
lattice constant, a does not equal lattice constant, b). Such
epitaxial oxide materials can have a monoclinic crystal
symmetry (or a C2m space group), for example (-Ga,O;
(i.e., Ga,0; with a C2m space group), or f-(Al Ga,_),0;.
Such epitaxial oxide materials can also have an orthorhom-
bic crystal symmetry (or a Pna21 space group), for example
k-Ga,0; (i.e, Ga,0; with a Pna2l space group), or
K-(Al,Ga,_,),0;, or k-(Al,Ga,_,),0,, where O=x<1, 1=<y=3,
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and 2=7=4. Such epitaxial oxide materials can have different
in-plane lattice constants in different directions (e.g., a and
b), all of which can be matched (or close to matched) to the
in-plane lattice constants of a compatible substrate.

The charts and table in FIGS. 76A-1 through 76D also
illustrate that epitaxial oxide materials have wide minimum
bandgaps, with most having a bandgap from about 3 eV to
about 9 eV. The wide bandgaps have several advantages.
The wide bandgaps of epitaxial oxide materials provide
them with high dielectric breakdown voltages, and therefore
can be used in electronic devices that require large biases
(e.g., high voltage switches, and impact ionization devices).
The bandgaps of epitaxial oxide materials are also well
suited for use in optoelectronic devices that emit or detect
light in the UV range, where materials with bandgaps from
about 4.5 eV to about 8 eV can be used to emit or detect UV
light with wavelengths from about 150 nm to 280 nm.
Semiconductor heterostructures can also be formed with
wide bandgap materials as the emitter or absorber layers,
and materials that have wider bandgaps than the emitter or
absorber layers can be used in other layers of the structure
to be transparent to the wavelength being emitted or
absorbed.

The chart in FIG. 76B can also serve as a guide to design
semiconductor structures comprising epitaxial oxide mate-
rials. The lattice constants and crystal symmetries provide
information regarding which materials can be epitaxially
formed (or grown) in a semiconductor structure, for
example, with high crystal quality and/or with layers of the
semiconductor structure having desired strain states. As
described herein, in some cases a strain state for an epitaxial
oxide material can beneficially alter the properties of the
material. For example, as described herein, an epitaxial
oxide material can have a direct minimum bandgap energy
in a strained state, but have an indirect bandgap in a relaxed
(not strained) state. In some cases, the epitaxial oxide
materials and the substrate material of a semiconductor
structure are selected such that the layers of the semicon-
ductor structure have in-plane (i.e., parallel with the surface
of the substrate) lattice constants (or crystal plane spacings)
that are within 0.5%, 1%, 1.5%, 2%, 5% or 10% of an
in-plane lattice constant (or crystal plane spacing) of the
substrate. Therefore, points on the chart in FIG. 76B that are
vertically aligned within an acceptable amount of mismatch,
and that have compatible crystal symmetries, can be com-
bined into a semiconductor structure with different types of
epitaxial oxide materials (or epitaxial oxide heterostruc-
tures). The bandgaps of such compatible materials can then
be chosen for desired properties of the semiconductor struc-
ture and/or of a device that incorporates the semiconductor
structure.

For example, the semiconductor structure can be used in
a UV-LED with doped layers (or regions) forming a p-i-n
doping profile. In such cases, the i-layer can include an
epitaxial oxide material with an appropriate bandgap (cor-
responding to the desired emission wavelength of the UV-
LED) chosen from an epitaxial material in FIG. 76B, which
can be chosen from the set of compatible materials described
above. In this example the n- and p-type layers can be
chosen, from the set of compatible materials in FIG. 76B, to
be transparent to the emission wavelength, for example, by
having bandgaps above the bandgap of the epitaxial oxide
material emitting the light. In another example, the n- and
p-layers can be chosen, from the set of compatible materials
in FIG. 76B, to have indirect bandgaps so that they have low
absorption coefficients for the wavelength of the emitted

light.
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For example, FIG. 76C shows that there is a group of
epitaxial oxide materials with “small” lattice constants from
about 2.5 Angstroms to about 4 Angstroms, some or all of
which could be compatible materials with each other if their
lattice constants are sufficiently matched, and their crystal
symmetries are compatible. The figure also shows that there
is a group of epitaxial oxide materials with “mid” lattice
constants from about 4 Angstroms to about 6.5 Angstroms,
some or all of which could be compatible materials with
each other if their lattice constants are sufficiently matched,
and their crystal symmetries are compatible. The figure also
shows that there is a group of epitaxial oxide materials with
“large” lattice constants from about 7.5 Angstroms to about
9 Angstroms, some or all of which could be compatible
materials with each other if their lattice constants are suf-
ficiently matched, and their crystal symmetries are compat-
ible.

FIG. 76C also shows that some fluoride materials (e.g.,
LiF) can be compatible with some epitaxial oxide materials,
and can be used in the semiconductor structures described
herein. For example, 2vV2x LiF has a lattice constant of
approximately 11.5 Angstroms and can be compatible with
the group of epitaxial oxide materials having lattice con-
stants from about 11 to about 13 Angstroms. Additionally,
some nitride materials (e.g., AIN) and some carbide mate-
rials (e.g., SiC) can also be compatible with some epitaxial
oxide materials, and can be used in the semiconductor
structures described herein.

FIG. 77 shows a chart of some DFT calculated epitaxial
oxide material bandgaps (minimum bandgap energies in eV)
and in some cases crystal symmetry versus a lattice constant
of the epitaxial oxide material. Each of the epitaxial oxide
materials shown in the chart in FIG. 77 has been experi-
mentally determined to be compatible with the other mate-
rials in the chart, including B-(ALGa,_,),O; even though
there may be considerable lattice constant mismatch as
shown. The lattice constants of the materials in the chart
vary from about 2.9 Angstroms to about 3.15 Angstroms,
and therefore have less than a 10% lattice constant mismatch
with each other.

Some materials in the chart in FIG. 77, such as
p-(Al, 5Ga, £),05 and Ga,GeOyg, have lattice constant mis-
match of less than 1%. Ga,GeOg can be advantageously
used in active regions of optoelectronic devices (e.g., as an
absorber or emitter material), since it has a direct bandgap.

Another example of a set of compatible materials from the
chart in FIG. 77 are wz-AlIN (i.e., AIN with a wurtzite crystal
symmetry), B-(Al Ga,_.),0;, and -Ga,O;. For example, a
heterostructure comprising wz-AlN (i.e., AIN with a wurtz-
ite crystal symmetry) and p-(Al,Ga;_,),0; could be formed
on a P-Ga,O; substrate. In some cases, such a structure
could comprise a superlattice of alternating layers of wider
bandgap wz-AIN and narrower bandgap f-(Al,Ga,_,),O,
(e.g., with a low Al content of x less than about 0.3, or less
than about 0.5). Such superlattices could be beneficial
because the wz-AIN would be in compressive strain (com-
pared to the p-Ga,O; substrate) and the p-(AlGa,_,),0;
layer would be in tensile strain, and therefore the superlattice
could be designed to be strain balanced.

Additionally, some epitaxial oxide materials that are not
shown in the chart in FIG. 77 are compatible with some of
the materials shown in the chart in FIG. 77. In other words,
the chart in FIG. 77 only shows an example subset of
compatible materials. For example, MgO(100) (i.e., MgO
oriented in the (100) direction) is compatible with
B-(ALGa,_,),0;.
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FIG. 78 shows a schematic example explaining how an
epitaxial oxide material with a monoclinic unit cell can be
compatible with an epitaxial oxide material with a cubic unit
cell. In the example shown in FIG. 78, MgO(100) is the
material with the cubic crystal symmetry and $-Ga,0;(100)
is the material with the monoclinic crystal symmetry. Two
adjacent unit cells of B-Ga,0;(100) have in-plane lattice
constants that are approximately square, and approximately
match the in-plane lattice constants of MgO(100) when there
is a 450 rotation between the two materials.

FIG. 79 shows a chart of some DFT calculated epitaxial
oxide material bandgaps (minimum bandgap energies in eV)
and in some cases crystal symmetry versus a lattice constant
of the epitaxial oxide material. There are three groups
(shown by dotted boxes) of epitaxial oxide materials shown
in the chart in FIG. 79, where the materials within each
group are compatible with the other materials in the group,
including a.- and k-(Al,Ga,_,),0; or (AL Ga,_,),0,, where
O=x=l, 1=y=<3, and 2<7=<4.

For example, some materials in the chart in FIG. 79 that
can be used as substrates and/or epitaxial oxide layers in
semiconductor structures include MgO, LiAlO,, LiGaO,,
AL, O4(C-, A-, R-, or M-plane oriented), and $-Ga,0;(100),
[-Ga,O5(-201). The chart also shows that epitaxial LiF has
a lattice constant that is compatible with those of different
epitaxial oxide materials in the chart.

Another example of materials in the chart in FIG. 79 that
are compatible is Kk-(AlGa, ),O, with O=xsl,
K-(Al,Ga,_),0O,, where O=x=<l, 1<y=<3, and 2<z=<4, and
LiGaO, substrates. (Al Ga,_ ) O,, where O=xsl, l=y=3,
and 2=7=4 can be advantageously used in active regions of
optoelectronic devices (e.g., as an absorber or emitter mate-
rial), since it has a direct bandgap.

FIG. 80 shows a chart of some DFT calculated epitaxial
oxide material bandgaps (minimum bandgap energies in eV)
versus a lattice constant where the epitaxial oxide materials
all have cubic crystal symmetry with a Fd3m or Fm3m space
group. Each of the epitaxial oxide materials shown in the
chart in FIG. 80 is compatible with the other materials in the
chart, including y-(Al Ga, _,),0; or y-(ALGa,_,) O,, where
O=x=l, 1=y=3, and 2=<7=<4. The lattice constants of the
materials in the chart vary from about 7.9 Angstroms to
about 8.5 Angstroms, and therefore have less than an 8%
lattice constant mismatch with each other. The cubic epi-
taxial oxide materials shown in the chart in FIG. 80 have
large unit cells (e.g., with lattice constants about 8.2+/-0.3
Angstroms, as shown in the figure) and have the peculiar
attribute of being able to accommodate large amounts of
elastic strain, such as less than or equal to about 10%, or less
than or equal to about 8%, or less than or equal to 5%. For
example, some of the epitaxial oxide materials shown in
FIG. 80 that are compatible with y-(Al,Ga,_,),0,, where
O=x<l, 1=y=3, and 2<z=<4 are (Mg, Zn, ,)(Al,Ga, ),0,
where O=x<1 and O=<y=l.

Epitaxial oxide materials that are polar can be doped via
polarization doping and can therefore be used to form
unique epitaxial oxide structures. FIG. 81 shows the DFT
calculated atomic structure of k-Ga,O; (i.e., Ga,O; with a
Pna21 space group). The geometric optimization of the
crystal structure of a unit cell of kK-Ga,O; was performed
using DFT where the exchange functional was the general-
ized gradient approximation (GGA) variation GGA-PBEsol.
K-Ga,O,; has an orthorhombic crystal symmetry.
K-(ALGa,_,),0,, where x is from 0 to 1, y is from 1 to 3,
and z is from 2 to 4, can be grown on quartz, [iGaO, and
AI(111) substrates. K-(Al,Ga,_,),0,, where x is from O to 1,
y is from 1 to 3, and z is from 2 to 4, can be doped p-type
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using Li as a dopant. At moderate levels of Li incorporation,
polar alloys can be formed such as Li(Al Ga,_,)O,, where
x is from 0 to 1, which can be native p-type oxides, and have
compatible spaces groups such as Pna21 and P421212.

In some embodiments, Li can also be used as an advan-
tageous impurity level dopant or constituent alloy species
for other epitaxial oxide materials (e.g., those shown in
FIGS. 28, 76A-1, 76 A-2 and 76B) to create p-type conduc-
tivity.

FIGS. 82A-82C show DFT calculated band structures of
K-(Al Ga,_,),0,, where x=1, 0.5 and 0, respectively. FIG.
82D shows the DFT calculated minimum bandgap energy of
x-(Al, Ga,_,),0;, where x=1, 0.5 and 0, which shows the
band bowing due to the polar nature of the materials. For
example, a high electron mobility transistor (HEMT) can be
formed using k-(Al,Ga, _,),0;, where x is from O to 1 (e.g.,
in a k-(ALGa,_ ),0,/k-(Al Ga,_),0; heterostructure or
superlattice, where x y). The estimated polarization charges
derived from the calculated band structures can be used to
design FET and HEMT devices. K-(Al Ga,_,),0;, where x
is from O to 1, also has a direct bandgap and can therefore
be used in optoelectronic devices such as sensors, LEDs and
lasers.

FIG. 83 shows a DFT calculated band structure of Li-
doped K-Ga,0O;. The structure had one Ga atom replaced
with a Li atom in each unit cell. The band structure indicates
that Li doped the material p-type because the Fermi energy
is below the valence band edge (i.e., maximum).

FIG. 84 shows a chart that summarizes the results from
DFT calculated band structures of doped k-Ga,O; using
different dopants. The dopants listed can substitute for the
cation (i.e., Al and/or Ga) or the anion (i.e., ), or the dopant
can be a vacancy in the crystal, as noted in the figure. The
relative efficacy is also shown, which indicates how strongly
the dopant will affect the conductivity of the k-Ga,O;.

FIG. 85 shows some DFT calculated epitaxial oxide
materials with lattice constants from about 4.8 Angstroms to
about 5.3 Angstroms, that can be substrates for, and/or form
heterostructures with, a- and k-Al, Ga, _ O, such as LiAlO,
and Li,GeO;.

FIG. 86 shows some additional DFT calculated epitaxial
oxide materials with lattice constants from about 4.8 Ang-
stroms to about 5.3 Angstroms, that can be substrates for,
and/or or form heterostructures with, a.- and k-Al,Ga,_,0,,
including a-SiO,, Al(111),,; (i.e., six atoms of Al(111)
forming a 2x3 sub-array have an acceptable lattice mismatch
with one unit cell of k-Al,Ga,_, O,), and AIN(100),,,.

FIGS. 87A-87E show atomic structures at surfaces of
k-Ga,0; and some compatible substrates. FIG. 87A shows
the rectangular array of atoms in the unit cells at the (001)
surface of x-Ga,0O;. FIG. 87B shows the surface of a.-SiO,,
with the rectangular unit cell of k-Ga,0;(001) overlayed.
FIG. 87C shows the surface of LiGaO,(011), with the
rectangular unit cell of x-Ga,05(001) overlayed. FIG. 87D
shows the surface of Al(111), with the rectangular unit cell
of x-Ga,0;(001) overlayed. FIG. 87E shows the surface of
a-Al,0,(001) (i.e., C-plane sapphire), with the rectangular
unit cell of k-Ga,0;(001) overlayed.

FIG. 88 shows a flowchart of an example method for
forming a  semiconductor  structure  comprising
K-Al.Ga, ,O,. The substrate is prepared, the surface is
terminated in Al (at a temperature above 800° C.), then the
temperature is dropped to below 30° C. in an ultra-high
vacuum (UHV) environment, and a thin (e.g., 10 nm to 50
nm) layer of Al(111) is formed. The temperature is then

increased to the growth temperature of the k-Al,Ga,_,0,,
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and layers of different compositions can be grown (e.g., in
alternating structures to form superlattices), and then the
substrate is cooled.

FIGS. 89A-89C are plots of XRD intensity versus angle
(in an £-26 scan) for experimental structures. FIG. 89A
shows two overlayed scans, one of k-Al,O; grown on an
Al(111) template, and the other of k-Al,O, grown on a
Ni(111) template. FIG. 89B shows two overlayed scans
(shifted in the y-axis) of the structures shown, one including
a K-Ga,0; layer grown on an a-Al,O; substrate with an
Al(111) template layer, and the other a $-Ga,O, layer grown
on an a-Al,O; substrate without a template layer. FIG. 89C
shows the two overlayed scans from FIG. 89B in high
resolution where the fringes due to the high quality and
flatness of the layers at the atomic interfaces was observed.

FIGS. 90A-901 show examples of semiconductor struc-
tures 6201-6209 comprising epitaxial oxide materials in
layers or regions. Each of the semiconductor structures
6201-6209 comprises a substrate 6200g-1 and a buffer layer
on the substrate 6210q-i. The semiconductor structures
6201-6209 also comprise epitaxial oxide layer 6220a-i
formed on buffer layers 6210q-i. Similarly numbered layers
in structures 6201-6209 are the same as, or similar to, layers
in other structures 6201-6209. For example, layers 62305,
6230c, 62304, etc. are the same as, or similar to, each other.
The epitaxial oxide layers of semiconductor structures 6201-
6209 can comprise any epitaxial oxide materials described
herein, such as any of those with compositions and crystal
symmetries shown in the charts and table in FIGS. 76A-1
through 76D.

Substrate 6200a-i can be any crystalline material com-
patible with an epitaxial oxide material described herein. For
example, substrate 6200a-i can be Al,O; (any crystal sym-
metry, and C-plane, R-plane, A-plane or M-plane oriented),
Ga,O; (any crystal symmetry), MgO, LiF, MgAl,O,,
MgGa,0,, LiGaO,, LiAlO,, (AL Ga,_,),0,, where O=x=I,
1=y=3, and 2=7<4 (any crystal symmetry), MgF,, LaAlO;,
TiO,, or quartz.

Buffer layer 6210a-i can be any epitaxial oxide material
described herein. For example, buffer 6210a-i can be a
material that is the same as the material of the substrate, or
the same as a material of a layer to be grown subsequently
(e.g., layer 6220qa-i). In some cases, buffer layer 6210a-i
comprises multiple layers, a superlattice, and/or a gradient in
composition. Superlattices and/or compositional gradients
can in some cases be used to reduce the concentration of
defects (e.g., dislocations or point defects) in the layer(s) of
the semiconductor structure above the buffer layer (i.e., in a
direction away from the substrate). In some cases, a buffer
layer 6200a-i with a gradient in composition can be used to
reset the lattice constant upon which the subsequent epi-
taxial oxide layers are formed. For example, a substrate
62004a-i can have a first in-plane lattice constant, a buffer
layer 6210a-i can have a gradient in composition such that
it starts with the first in-plane lattice constant of the substrate
and ends with a second in-plane lattice constant, and a
subsequent epitaxial oxide layer 6220a-i (formed on the
buffer layer) can have the second in-plane lattice constant.

Epitaxial oxide layer 6220qg-i can, in some cases, be
doped and have an n-type or p-type conductivity. The dopant
can be incorporated through co-deposition of an impurity
dopant, or an impurity layer can be formed adjacent to
epitaxial oxide layer 6220qa-i. In some cases, epitaxial oxide
layer 6220a-i is a polar piezoelectric material and is doped
n-type or p-type via spontaneous or induced polarization
doping.
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Structure 6201 in FIG. 90A can have a subsequent epi-
taxial oxide layer, fluoride layer, nitride layer, and/or a metal
layer formed on top (i.e., away from the substrate 6200a-i)
of'layer 6220a. For example, a metal layer can be formed on
epitaxial oxide layer 6220a to form a Schottky barrier
between epitaxial oxide layer 6220q and the metal (e.g., see
FIG. 55 where the extrema for creating p-type and n-type
electrical contacts are shown). Some examples of medium
work function metals that can be used to form a Schottky
barrier include Al, Ti, Ti—Al alloys, and titanium nitride
(TiN). In other examples, the metal can form an ohmic (or
low resistance) contact to epitaxial oxide layer 6220a. Some
examples of high work function metals that can be used in
ohmic (or low resistance) contacts to a p-type epitaxial oxide
layer 6220a are Ni, Os, Se, Pt, Pd, Ir, W, Au and alloys
thereof. Some examples of low work function materials that
can be used in ohmic (or low resistance) contacts to an
n-type epitaxial oxide layer 6220a are Ba, Na, Cs, Nd and
alloys thereof. However, in some cases, Al, Ti, Ti—Al
alloys, and titanium nitride (TiN) being common metals can
also be used as contacts to an n-type epitaxial oxide layer
(e.g., 6220a). In some cases, the metal contact layer can
contain 2 or more layers of metals with different composi-
tions (e.g., a Ti layer and an Al layer).

Structures 6202-6208 in FIGS. 90B-90H further include
epitaxial oxide layer 62305-%. In some cases, epitaxial oxide
layer 62305-/ is not intentionally doped. In some cases,
epitaxial oxide layer 62305-/ is doped and has an n-type or
p-type conductivity (e.g., as described for layer 6220a-i). In
some cases, epitaxial oxide layer 62305-% is doped and has
an opposite conductivity type as epitaxial oxide layer
62205-4 to form a p-n junction. For example, epitaxial oxide
layer 62205-/ can have n-type conductivity and epitaxial
oxide layer 62305-2 can have p-type conductivity. Alterna-
tively, epitaxial oxide layer 62205/ can have p-type con-
ductivity and epitaxial oxide layer 62305-/ can have n-type
conductivity.

In structure 6202, in some cases, a metal layer can be
formed on epitaxial oxide layer 6220a to form an ohmic (or
low resistance) contact to epitaxial oxide layer 62305. Some
examples of high work function metals that can be used in
ohmic (or low resistance) contacts to a p-type epitaxial oxide
layer 62305 are Ni, Os, Se, Pt, Pd, Ir, W, Au and alloys
thereof. Some examples of low work function materials that
can be used in ohmic (or low resistance) contacts to an
n-type epitaxial oxide layer 62305 are Ba, Na, Cs, Nd and
alloys thereof. However, in some cases, Al, Ti, Ti—Al
alloys, and titanium nitride (TiN) being common metals can
also be used as contacts to an n-type epitaxial oxide layer
(e.g., 6220a). In some cases, the metal contact layer can
contain 2 or more layers of metals with different composi-
tions (e.g., a Ti layer and an Al layer).

In an example of structure 6202, substrate 620056 is MgO
or y-Ga,0; (i.e, Ga,O, with an Fd3m space group), or
v-AL,O; (ie., Al,O; with an Fd3m space group). Epitaxial
oxide layer 62205 is y-(Al,Ga,_,),0; with an Fd3m space
group, where O=x=<l (or y-(Al,Ga,_,),0,, where O=x=I,
1=y=3, and 2=<7=4), and has n-type conductivity. Epitaxial
oxide layer 62305 is y-(Al,Ga,_,),0; with an Fd3m space
group, where O<y=1, and has p-type conductivity. In some
cases, X and y are the same and the p-n junction is a
homojunction, and in other cases x and y are different and
the p-n junction is a heterojunction. A metal contact layer
(e.g., Al, Os or Pt) can be formed to make an ohmic contact
with epitaxial oxide layer 623056. A second contact layer
(e.g., containing Ti and/or Al, and or layers of Ti and Al) can
be formed making contact to the substrate 62005 and/or
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epitaxial oxide layer 62205. Such a semiconductor structure
with metal contacts can be used as a diode in an optoelec-
tronic device, such as an LED, laser or photodetector. In the
case of optoelectronic devices, one or both of the metal
contacts formed can be patterned (e.g., to form one or more
exit apertures) to allow light to escape the semiconductor
structure. In some cases, one or both contacts are reflective
or partially reflective to improve the light extraction from
the semiconductor structure, for example to form a resonant
cavity, or redirect emitted light (e.g., towards one or more
exit apertures).

Structure 6203 further includes epitaxial oxide layer
6240c¢. In some cases, epitaxial oxide layer 6240c¢ is doped
and has an n-type or p-type conductivity (e.g., as described
for layer 6220q-i). In some cases, epitaxial oxide layer
6230c¢ is not intentionally doped, and epitaxial oxide layer
6240¢ is doped and has an opposite conductivity type as
epitaxial oxide layer 6220¢ to form a p-i-n junction.

In structure 6203, in some cases, a metal layer can be
formed on epitaxial oxide layer 6240¢ to form an ohmic (or
low resistance) contact to epitaxial oxide layer 6240c¢ and on
the substrate 6200c (and/or epitaxial oxide layer 6220c¢)
using appropriate high or low work function metals (as
described above).

In structure 6204 epitaxial oxide layer 62204 has a
gradient in composition (as indicated by the double arrow),
wherein the composition can change monotonically in either
direction, or in both directions, or non-monotonically. In
some cases, epitaxial oxide layer 62204 is doped and has an
n-type or p-type conductivity (e.g., as described for layer
62204-i). In some cases, epitaxial oxide layer 6230d is
doped and has an opposite conductivity type as epitaxial
oxide layer 6220d to form a p-n junction.

In structure 6204, in some cases, a metal layer can be
formed on epitaxial oxide layer 62304 to form an ohmic (or
low resistance) contact to epitaxial oxide layer 62304 and on
the substrate 62004 (and/or epitaxial oxide layer 6220d)
using appropriate high or low work function metals (as
described above).

In structure 6205 epitaxial oxide layer 6230e has a
gradient in composition, wherein the composition can
change monotonically in either direction, or in both direc-
tions (as indicated by the double arrow), or non-monotoni-
cally. In some cases, epitaxial oxide layer 6230e is not
intentionally doped, epitaxial oxide layer 6220e¢ has n-type
or p-type conductivity, and epitaxial oxide layer 6240e has
an opposite conductivity to epitaxial oxide layer 6220e to
form a p-i-n junction with a graded i-layer.

In structure 6205, in some cases, a metal layer can be
formed on epitaxial oxide layer 6240e to form an ohmic (or
low resistance) contact to epitaxial oxide layer 6240¢ and on
the substrate 6200e (and/or epitaxial oxide layer 6220¢)
using appropriate high or low work function metals (as
described above).

In structure 6206 epitaxial oxide layer 6250f has a gra-
dient in composition (as indicated by the double arrow),
wherein the composition can change monotonically in either
direction, or in both directions, or non-monotonically. In
some cases, epitaxial oxide layer 6250f is doped and has
n-type or p-type conductivity, epitaxial oxide layer 6240f'is
doped and has the same conductivity type as epitaxial oxide
layer 6250f, epitaxial oxide layer 6230f is not intentionally
doped, and epitaxial oxide layer 6240f has an opposite
conductivity to epitaxial oxide layer 6220f'to form a p-i-n
junction with epitaxial oxide layer 62501 acting as a graded
contact layer.
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In structure 6206, in some cases, a metal layer can be
formed on epitaxial oxide layer 6250fto form an ohmic (or
low resistance) contact to epitaxial oxide layer 6250/ and on
the substrate 62007 (and/or epitaxial oxide layer 6220f) using
appropriate high or low work function metals (as described
above). In some cases, epitaxial oxide layer 6250f comprises
a polar and piezoelectric material, and the graded compo-
sition of epitaxial oxide layer 6250/ improves the properties
(e.g., lowers the resistance) of the contact.

In structure 6207 epitaxial oxide layer 6230g has a
quantum well or a superlattice (as indicated by the quantum
well schematic in epitaxial oxide layer 6230g), or a multi-
layer structure with at least one narrower bandgap material
layer that is sandwiched between two adjacent wider band-
gap layers. In some cases, epitaxial oxide layer 6230g is not
intentionally doped, epitaxial oxide layer 6220g has n-type
or p-type conductivity, and epitaxial oxide layer 6240g has
an opposite conductivity to epitaxial oxide layer 6220¢ to
form a p-i-n junction with a graded i-layer. For example, the
epitaxial oxide layer 6230g can include a superlattice or (a
chirp layer with a graded multilayer structure), comprising
alternating layers of Al, ,Ga, ,,0, and Al,,Ga,_,,0,, where
xa=xb, O=xa=<l and Osxb=l.

In structure 6207, in some cases, a metal layer can be
formed on epitaxial oxide layer 6240g to form an ohmic (or
low resistance) contact to epitaxial oxide layer 6240g and on
the substrate 6200g (and/or epitaxial oxide layer 6220g)
using appropriate high or low work function metals (as
described above).

In structure 6208 epitaxial oxide layer 62502 has a
quantum well or a superlattice, or a multilayer structure with
at least one narrower bandgap material layer that is sand-
wiched between two adjacent wider bandgap layers. In some
cases, epitaxial oxide layer 6250/ is a chirp layer with a
multilayer structure with alternating narrower bandgap
material layers and wider bandgap material layers and a
composition variation (e.g., formed by varying the period of
the narrower and wider bandgap layers). In some cases,
epitaxial oxide layer 6250/ is doped and has n-type or p-type
conductivity, epitaxial oxide layer 6240/ is doped and has
the same conductivity type as epitaxial oxide layer 62504,
epitaxial oxide layer 6230/ is not intentionally doped, and
epitaxial oxide layer 6240/ has an opposite conductivity to
epitaxial oxide layer 6220/ to form a p-i-n junction with
epitaxial oxide layer 6250/ acting as a graded contact layer.
For example, the epitaxial oxide layer 6250/ can include a
superlattice or (a chirp layer with a graded multilayer
structure), comprising alternating layers of Al ,Ga,_ .0,
and Al ,Ga,_,0,, where xa=xb, Osxasl and O=xb=1.

In structure 6208, in some cases, a metal layer can be
formed on epitaxial oxide layer 6250/ to form an ohmic (or
low resistance) contact to epitaxial oxide layer 6250/ and on
the substrate 62002 (and/or epitaxial oxide layer 6220%)
using appropriate high or low work function metals (as
described above). In some cases, epitaxial oxide layer 6250/
comprises a polar and piezoelectric material, and the graded
composition of epitaxial oxide layer 6250~ improves the
properties (e.g., lowers the resistance) of the contact.

In structure 6209 epitaxial oxide layer 6220: has a quan-
tum well or a superlattice, or a multilayer structure with at
least one narrower bandgap material layer that is sand-
wiched between two adjacent wider bandgap layers. For
example, epitaxial oxide layer 6220/ can comprise a digital
alloy with alternating layers of epitaxial materials with
different properties. Such an epitaxial oxide layer 6220i can
have optical and/or electrical properties that would other-
wise not be compatible with a given substrate, for example.
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Digital alloy materials and structures are discussed further
herein. For example, the epitaxial oxide layer 6220; can
include a superlattice or (a chirp layer with a graded mul-
tilayer structure), comprising alternating layers of
Al Ga,_ .0, and Al,,Ga,_,,0O,, where xa=xb, O=xa=<1 and
O=xb=l.

FIGS. 90J-90L show examples of semiconductor struc-
tures 62015-62035 comprising epitaxial oxide materials in
layers or regions. Similarly, numbered layers in structures
62015-62035 are the same as, or similar to, layers in
structures 6201-6209.

Semiconductor structure 62015 shows an example where
there are three adjacent superlattices and/or chirp layers
62205, 6230/, and 6240/ (which are similar to layers 6220i,
6230g and 62507, respectively, in FIGS. 90G-901) compris-
ing epitaxial oxide materials and forming different possible
doping profiles, such as p-i-n, p-n-p, or n-p-n. For example,
epitaxial oxide layer(s) 6220/, 6230/ and/or 6240; can com-
prise digital alloy(s) with alternating layers of epitaxial
materials with different properties. Such epitaxial oxide
layer(s) 62207, 62305 and/or 6240; comprising digital alloys
can have optical and/or electrical properties that would
otherwise not be compatible with a given substrate.

Semiconductor structure 62025 shows an example where
there are two adjacent superlattices and/or layers 62204 and
6230% (which are similar to layers 6220; and 6230g, respec-
tively, in FIGS. 901 and 90G) and a layer 6240% all com-
prising epitaxial oxide materials and forming different pos-
sible doping profiles, such as p-i-n, p-n-p, or n-p-n. For
example, epitaxial oxide layer(s) 6220k and/or 62304 can
comprise digital alloy(s) with alternating layers of epitaxial
materials with different properties.

Semiconductor structure 62035 shows an example where
there are two superlattices and/or chirp layers 62301 and
62401 (which are similar to layers 6230g and 62504, respec-
tively, in FIGS. 90G-90H) and a layer 62201 all comprising
epitaxial oxide materials and forming different possible
doping profiles, such as p-i-n, p-n-p, or n-p-n. For example,
epitaxial oxide layer(s) 62301 and/or 62401 can comprise
digital alloy(s) with alternating layers of epitaxial materials
with different properties.

Furthermore, the buffer layer 6210/-1 can comprise a
superlattice or chirp layer, and also be adjacent to the other
superlattices in some of the structures.

In some cases, any of structures 6201-6209 in FIGS.
90A-90I and structures 62015-62035 in FIGS. 90J-90L can
have a subsequent epitaxial oxide layer, fluoride layer,
nitride layer, and/or a metal layer formed on top (i.e., away
from the substrate 6200a-1) of the topmost layer in the
structure (e.g., layer 62305 for structure 6202).

In some cases, any of structures 6201-6209 in FIGS.
90A-90I and structures 62015-62035 in FIGS. 90J-90L can
further include one or more reflectors that are configured to
reflect wavelengths of light that are generated by the semi-
conductor structure. For example, a reflector can be posi-
tioned between the buffer layer and the epitaxial oxide
layer(s). For example, a reflector can be a distributed Bragg
reflector, formed using the same epitaxial growth technique
as the other epitaxial oxide layers in the semiconductor
structure. In another example, a reflector can be formed on
top of the semiconductor structure, opposite the substrate.
For example, a reflective metal (e.g., Al or Ti/Al) can be
used as a top contact and a reflector.

FIG. 91A is a schematic of an example of a semiconductor
structure comprising epitaxial oxide layers on a suitable
substrate. Alternating layers of epitaxial oxide semiconduc-
tors A and B are shown on the substrate. Additionally, the
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semiconductor structure in this example has a different
epitaxial oxide layer C substituted for an epitaxial oxide
layer A. In one example, the A layer could comprise Mg(Al,
Ga),0,, the B layer could comprise MgO, and the C layer
would be Mg,GeO, where the substrate could be MgO or
MgAlO,.

FIGS. 91B-911 show electron energy (on the y-axis) vs.
growth direction (on the x-axis) for examples of epitaxial
oxide heterostructures comprising layers of dissimilar epi-
taxial oxide materials.

FIG. 91B shows an example of an epitaxial oxide hetero-
structure. The wider bandgap (WBG) material and the
narrower bandgap (NBG) material in this example align
such that there are heterojunction conduction band and
valence band discontinuities, as shown. The band alignment
in this example is a type [ band alignment, but type Il or type
III band alignments are possible in other cases.

The structure shown in FIG. 91C is an example of an
epitaxial oxide superlattice formed by repeating the structure
of FIG. 91B four times along the growth direction “z.” Other
superlattices can contain fewer or more than 4 unit cells, for
example, from 2 to 1000, from 10 to 1000, from 2 to 100,
or from 10 to 100 unit cells. The structure of FIG. 91B is the
unit cell of the epitaxial oxide superlattice shown in FIG.
91C. In some cases, a short period superlattice (or SPSL) can
be formed if the layers of the unit cell of the superlattice are
sufficiently thin (e.g., thinner than 10 nm, or 5 nm, or 1 nm).

FIG. 91D shows an example of an epitaxial oxide double
heterostructure with layers of a WBG material surrounding
an NBG material, with type I band alignments. If the NBG
material layer in this example were made sufficiently thin
(e.g., below 10 nm, or below 5 nm, or below 1 nm) then the
structure in FIG. 91D would comprise a single quantum
well.

FIG. 91E shows an example of an epitaxial oxide hetero-
structure with three different materials, an NBG material and
two wider bandgap materials WBG_1 and WBG_2. In this
example, at both the interface between the NBG material
and the WBG_1 material and at the interface between the
WBG_1 material and the WBG_2 material, the epitaxial
oxide layers align in a type I band alignment.

FIG. 91F shows an example of a WBG material WBG_2
and an NBG material coupled with a graded layer. The
graded layer in this example has a changing bandgap Eg(z)
formed by a changing average composition throughout the
graded layer. The composition and bandgap of the graded
layer in this example changes monotonically from those of
the WBG_2 material to those of the NBG material, such that
there are no (or small) bandgap discontinuities at the inter-
faces.

FIG. 91G shows an example of an NBG material and a
WBG material WBG_2 coupled with a graded layer that is
similar to the example shown in FIG. 91G except that the
NBG material occurs before the WBG material (i.e., closer
to the substrate) along the growth direction.

FIG. 91H shows an example of a WBG material WBG_2
and an NBG material coupled with a chirp layer. The chirp
layer in this example comprises a multilayer structure of
epitaxial oxide materials with alternating layers of a WBG
epitaxial oxide material layer and an NBG epitaxial oxide
material layer, where the thicknesses of the NBG layers and
the WBG layers change throughout the chirp layer. In other
examples, the WBG layers could have changing thicknesses
and the NBG layers could have the same thickness, or the
NBG layers could have changing thicknesses and the WBG
layers could have the same thickness throughout the chirp
layer.
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FIG. 911 shows an example of a WBG material WBG_2
and an NBG material coupled with a chirp layer, where the
chirp layer comprises a multilayer structure of epitaxial
oxide materials where the NBG layers have changing thick-
nesses and the WBG layers have the same thickness
throughout the chirp layer.

Chirp layers like those shown in FIGS. 91H-911 can be
used to change the average composition of a region of a
semiconductor structure while only depositing two different
materials compositions. This can be useful, for example, to
grade the composition between a pair of materials that prefer
particular stoichiometries (e.g., when the materials can be
formed with higher quality at certain stoichiometric phases).
It can also be advantageous for manufacturing process
control of a graded layer, since the thickness of a layer is
often controlled by fast and easy to control mechanisms such
as a mechanical shutter, while changing composition can
require changing temperatures which can be slower and
more difficult to control.

Digital alloys are multilayer structures that comprise
alternating layers of at least two epitaxial materials (e.g., the
structure in FIG. 91C). Digital alloys can advantageously be
a used to form a layer with properties that are a blend of the
properties of the constituent epitaxial materials layers. This
can be particularly useful to form a composition of a pair of
materials that prefer particular stoichiometries (e.g., when
the materials can be formed with higher quality at certain
stoichiometric phases). It can also be advantageous for
manufacturing process control, since the thickness of a layer
is often controlled by fast and easy to control mechanisms
such as a mechanical shutter, while changing composition
can require changing temperatures which can be slower and
more difficult to control.

FIGS. 92A-92C show energy versus growth direction
(distance, z) for three examples of different digital alloys,
and example wavefunctions for the confined electrons and
holes in each. The three digital alloys are made from
alternating layers of the same two materials (an NBG
material and a WBG material), but with different thicknesses
of the NBG layers. The “Thick NBG layer>20 nm” digital
alloy has thick NBG layers (i.e., greater than about 20 nm in
thickness) and the least confinement, which leads to a
smallest effective bandgap EgSL1 for the digital alloy. The
“Thin NBG layer<20 nm” digital alloy has thin NBG layers
(i.e., less than about 5 nm in thickness) and the most
confinement, which leads to a largest effective bandgap
B,z for the digital alloy. The “Mid NBG layer ~5-20 nm”
digital alloy has NBG layers with intermediate thicknesses
(i.e., from about 5 nm to about 20 nm in thickness) and an
intermediate amount of confinement, which leads to an
effective bandgap E;Lz for the digital alloy that is between
that of B,SL and E >,

FIG. 93 shows a plot of effective bandgap versus an
average composition (x) of the digital alloys shown in FIGS.
92A-92C. The two epitaxial oxide constituent layers of the
digital alloy in this example are AO and B,O,, where A and
B are metals (or non-metallic elements) and O is oxygen. In
this example, material AO corresponds to the NBG material
and B,O; corresponds to the WBG material in the charts
shown in FIGS. 92A-92C. In some cases, it may be difficult
or not possible to form a high quality epitaxial material with
the composition A, B, ,0;_,,. However, a digital alloy
with alternating layers of AO and B,O; can have properties
(e.g., bandgap, and optical absorption coeflicients) that are
between those of the constituent materials AO and B,O;. In
some cases, one or both layers of a digital alloy can be
strained, which can further alter the properties of the mate-
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rials and provide a different set of materials properties for
incorporation into the semiconductor structures described
herein. Some examples of AO and B,0O; combinations for
digital alloys are MgO/p-(AlGaO;) and MgO/y-(AlGaOs;).
Other combinations of epitaxial oxides materials can also be
used in digital alloys, such as MgO/Mg,GeQO,, MgGa,O,/
Mg,GeO,. For example, a continuous alloy composition
cannot generally be formed from a bulk random alloy
comprising Mg Ga,,;_,O¢; . over the range of O=xsl,
however, an equivalent pseudo-alloy can be formed using a
SL[MgO/Ga,05] or SL[MgO/MgGa,0,] or SL[MgGa,O,/
Ga,0;] digital superlattice.

The plot in FIG. 93 shows how the effective bandgap will
change in the three scenarios, which correspond to the
digital alloys with different thicknesses of quantum wells
shown in FIGS. 92A-92C. In this example, the layers of the
NBG and WBG materials in the digital alloy are sufficiently
thin to cause quantum confinement of carriers, which adjusts
(increases) the effective bandgap of the material, as
described above. Such a plot illustrates that a digital alloy
can be designed with a desired effective bandgap by choos-
ing appropriate thickness of certain epitaxial oxide constitu-
ent layers.

The epitaxial oxide materials and semiconductor struc-
tures described herein can be used as devices, such as
diodes, sensors, LEDs, lasers, switches, transistors, ampli-
fiers, and other semiconductor devices. The semiconductor
structures can comprise a single layer of an epitaxial oxide
on a substrate, or multiple layers of epitaxial oxide materi-
als.

FIG. 94A shows a full E-k band structure of an epitaxial
oxide material, which can be derived from the atomic
structure of the crystal. FIG. 94B shows a simplified band
structure, which is a representation of the minimum bandgap
of the material, and wherein the x-axis is space (z) rather
than wavevectors (as in the E-k diagrams). Semiconductor
devices can be designed using epitaxial oxide materials
using the thickness (Lz) of the layer and the minimum
bandgap.

For example, F1G. 95 shows a simplified band structure of
a p-i-n device comprising epitaxial oxide layers. The three
layers in this case are the same material (ie., E_,=E_=E_)
and form a homojunction p-i-n structure. The p-i-n-structure
forms a diode and the built-in electric field applies an
electric field along the direction “z” across the i-region, as
shown.

FIG. 96 shows a simplified band structure of a hetero-
junction p-i-n device comprising epitaxial oxide layers. The
n- and p-layers in this case are wider bandgap materials
(where B, =E_ , or B_ =E ), and the i-region has a smaller
bandgap (i.e., E,;<B,,, and E <E_,). The band offsets AE,
and AE , align in a Type-I configuration in this example, and
provide energy barriers for controlling carrier flow and/or
carrier confinement. The p-i-n-structure forms a diode and
the built-in electric field applies an electric field along the
direction “z” across the i-region, as shown. The semicon-
ductor structure in FIG. 96 can advantageously be used as a
light emitting device (e.g., an LED) because the wider
bandgap n- and p-regions have low absorption coefficients
of light emitted from the narrower bandgap i-layer.

FIG. 97 shows a simplified band structure of a multiple
heterojunction p-i-n device comprising epitaxial oxide lay-
ers. The structure is similar to the structure in FIG. 96 and
comprises a heterojunction p-i-n structure where the i-region
comprises a single quantum well structure. The n- and
p-layers in this case are wider bandgap materials (where

B, =E,,, or B =E ), and the i-region has at least one layer
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with a bandgap (i.e., B, 5 or E,; ) that is narrower than E_,,
and/or E_,. Electrons and holes are injected into the intrinsic
region from their respective reservoir regions. The hetero-
junction band offsets AE_ and AE, align in a Type-I con-
figuration, in this example, and provide energy barriers for
controlling carrier flow and/or carrier confinement. The
semiconductor structure in FIG. 96 can advantageously be
used as a light emitting device (e.g., an LED) because the
wider bandgap n- and p-regions have low absorption coef-
ficients of light emitted from the quantum well in the
narrower bandgap i-layer. The quantum well, with bandgap
B,y is designed such that the thickness L, can tune the
quantized energy levels in the conduction and valence bands
confined between the barriers, with bandgaps E_, . In other
embodiments, the structure can have more than one, or
multiple quantum wells in the intrinsic region. The energy
levels in the multiple quantum well structure influence
various properties of the structure, such as the effective
minimum bandgap. In some cases, such as in light emitting
devices, having more than one quantum well improves
optical emission efficiency (e.g., due to an increased quan-
tum well capture rate of carriers injected into the i-region
from the wider bandgap p- and n-regions).

FIG. 98 A shows another example of a p-i-n structure, with
multiple quantum wells, and where the barrier layers of the
multiple quantum well structure in the i-region have larger
bandgaps than the bandgap of the n- and p-layers. In other
cases, the bandgaps of the barrier layers in the multiple
quantum wells can be narrower than those of the n- and
p-layers. FIG. 98B shows a single quantum well of the
multiple quantum well structure in 98A. The thickness L5
of the barrier layers can be made thin enough that electrons
and holes can tunnel through them (e.g., within the i-region,
and/or when being transferred between the n- and/or p-lay-
ers into and/or out of the i-region). Such a multiple quantum
well structure can behave as a digital alloy, whose properties
are dependent on the materials comprising the barriers and
the wells, and with the thicknesses of the barriers and the
wells.

FIG. 99 shows another example of a p-i-n structure, with
multiple quantum wells in the n-, i- and p-layers. The
n-region comprises N % pairs of wells (thickness Li and
bandgap E,;;,) and barriers (thickness L, and bandgap
B s1)- The i-region comprises N,*% pairs of wells (thickness
L; and bandgap E,;-) and barriers (thickness L, and band-
gap E,z,). The p-region comprises N,SL pairs of wells
(thickness L5 and bandgap E_;;5) and barriers (thickness L
and bandgap B, ;). The bandgaps of the barriers and wells
in the i-region are narrower than those of the barriers and
wells in both the n- and p-layers in this example. In other
cases of structures with multiple quantum wells, the band-
gaps of the barrier layers can be wider than those of the n-
and p-layers. Additionally, in some cases, the thicknesses
and/or bandgaps of the barriers and/or wells in the n-, i-
and/or p-region can change throughout an individual region
(e.g., to form a graded structure, or a chirp layer). The
thicknesses L,, L,, and/or L4 of the barrier layers can be
made thin enough that electrons and holes can tunnel
through them (e.g., within the i-region, and/or when being
transferred between the n- and/or p-layers into and/or out of
the i-region).

Each region in the structure shown in FIG. 99 can behave
as a digital alloy, whose properties are dependent on the
materials comprising the barriers and the wells, and with the
thicknesses of the barriers and the wells. For example, the
materials and layer thicknesses can be chosen such that the
n- and p-regions have wider bandgaps and are therefore



US 11,621,329 Bl

97

transparent (or have a low absorption coefficient) to the
wavelength of light emitted from the i-region superlattice.
Any of the compatible materials sets described herein can be
incorporated into in such structures.

FIG. 100 shows another example of a p-i-n structure, with
multiple quantum wells in the n-, i- and p-layers similar to
the structure in FIG. 99. The bandgap and the thicknesses of
the barriers and well in the n-, i- and p-regions are defined
the same as in FIG. 99. The superlattices in the n-, i- and
p-regions in this example have the same alternating pairs of
materials, with different well (or well and barrier) thick-
nesses in the i-region tuning the optical properties. The
structure has a material A and a material B, where the
barriers of the superlattice in the n-region comprise material
A and the wells in the superlattice in the n-region comprise
material B. In this example, the barriers of the i- and
p-regions also comprise material A and the wells in the i- and
p-regions also comprise material B. The wells in the i-region
have been made thicker so that the quantized energy levels
in the potential well are lower in energy with respect to the
band edge of the host well, thereby making the effective
bandgap of the superlattice in the i-region have a narrower
bandgap (i.e., closer to that of material A in a bulk form) than
that of the superlattices in the n- and p-region. Such a
structure could therefore be used in a light emitting device
(e.g., and LED), as described herein.

FIG. 101A shows an example of a semiconductor struc-
ture comprising (Al Ga,_,),0; layers, where O<x<1 in each
layer. In other cases, the three layers can be (Al,Ga,_,) O,,
where O<x<1, 1=y<3, and 2=<7=<4, with any space group. The
three (Al Ga,_,),0; layers are formed on a buffer layer
(“Buffer”), which is formed on a substrate (“SUB”). A
contact region (“Contact region #1”) (e.g., a metal) is also
shown contacting the topmost epitaxial oxide layer in the
semiconductor structure. The example in FIG. 101A shows
that the layers in the structure can have three different Al
contents, where x1, x2, and x3 are different in the three
layers. In some cases, x1, X2, and x3 are the same in the three
layers. And still in other cases, x1 and x3 are the same or
similar and x2 is different (e.g., to form a narrower bandgap
layer between two wider bandgap layers).

FIG. 101A includes an active region comprising three
(AL, Ga,_,),0; layers. In some cases, the active region can
comprise more than three layers. The layers of the active
region can be doped and/or not intentionally doped to form
p-i-n, n-i-n, p-n-p, n-p-n, and other doping profiles. The
compositions of the layers x1, x2 and x3 can be chosen
depending on the substrate (“SUB”) and buffer layer upon
which they are formed, for example, according to the
selection criteria for compatible combinations of epitaxial
oxide layers and substrates described herein.

In some embodiments, the structure shown in FIG. 101A
is incorporated into an optoelectronic device that emits or
detects light. For example, the structure shown in FIG. 101A
can be an LED or laser or photodetector configured to emit
or detect UV light. In such cases, for example, the
(AL, Ga,_,),0; layer with Al content X2 can emit light, the
substrate can be opaque to the wavelength of the emitted
light, and the compositions of the three (Al Ga, _,),O; layers
can be formed wherein x3>x2>x1. In such devices the light
can primarily be emitted (or detected) through the top of the
device or an edge of the device, and the (Al Ga,_,),0;
layer(s) above (in a direction away from the substrate) the
emission layer can have higher bandgap(s) and therefore not
strongly absorb the emitted light (or light to be detected). In
another example, the (AL Ga,_,),0; layer with Al content x2
can emit light, and the substrate and buffer layer are trans-
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parent to (or absorb a fraction of) the emitted light, and the
compositions of the three (Al Ga,  ),O, layers can be
formed wherein O=x1=1, O=x2<1 and 0=x3=l.

In some cases, one or more of the three (Al Ga,_,),0;
layers in the structure shown in FIG. 101A can include a
superlattice or graded layer or multilayer structure, as
described herein, comprising different compositions of
(AL, Ga,_,),0; where O=x=<l. For example, one or more of
the three (Al Ga,_,),O; layers can include a superlattice or
a chirp layer (with a graded multilayer structure), compris-
ing alternating layers of Al Ga, .0, and Al,,Ga,_,,0,,
where xa=xb, O=xa=<l and Osxb=l1.

The substrate of the structure shown in FIG. 101A can be
any single crystal material that is compatible with the three
(AL, Ga,_,),0; layers. For example, some substrates that are
compatible with some types of (Al ,Ga, ),O; layers are
Ga,0; (any crystal symmetry, such as a-, -, y-, and K-),
Al O, (any crystal symmetry, such as a-, -, y-, and K-, and
C-plane, R-plane, A-plane or M-plane oriented), 4H-SiC,
MgO, MgAlL,O,, MgGa,O,, LiF, and MgF,. Furthermore,
the substrates in this list can be doped (e.g., highly n-type or
highly p-type, such as greater than 10'® cm™ n-type or
p-type) and be conductive (or have higher electrical con-
ductivity), or can be not intentionally doped and be resistive
(or have higher electrical resistance).

In some cases, the buffer layer of the structure shown in
FIG. 101A can be a material compatible with the substrate
and the three (Al Ga,_,),0; layers. For example, the buffer
layer can comprise a material the same as or similar to the
substrate, or the same as or similar to one or more of the
three (AL, Ga,_,),0; layers. For example, the substrate could
comprise p-Ga,O; and the buffer layer can comprise
B-(AlGa,_,),0; where O=x=<l. In another example, the
substrate is MgO and the buffer layer can comprise
y-(Al,Ga,_,),O, where O<x=<1. In some cases, the buffer
layer can be a material other than (Al ,Ga,_,),0;, such as
MgO, MgAl,0,, MgGa,O,, LiF, or MgF,.

In some cases, the buffer layer of the structure shown in
FIG. 101A can include a graded layer or multilayer struc-
ture, as described herein. In some cases, the buffer layer can
be a lattice constant matching layer that couples the active
region to the substrate. For example, the buffer can include
a graded or chirp layer comprising different compositions of
(AL, Ga,_,),0O; where O0=x=<1. For example, the buffer layer
can include a superlattice or a chirp layer (with a graded
multilayer structure), comprising alternating layers of
Al_Ga, O, and Al ,Ga,__,O,, where xa=xb, O=xas<l and
O=xb=l1. The in-plane (approximately perpendicular to the
growth direction) lattice constant of the graded or chirp layer
adjacent to the substrate can be approximately equal to (or
within 1%, 2%, 3%, 5%, or 10% of) the in-plane lattice
constant at a surface of the substrate. The final in-plane
(approximately perpendicular to the growth direction) lattice
constant of the graded or chirp layer can be approximately
equal to (or within 1%, 2%, 3%, 5%, or 10% of) the in-plane
lattice constant of the (Al ;Ga,_ 1),0; layer in the figure.

FIG. 101B shows the structure from FIG. 101 A with the
layers etched such that contact can be made to any layer of
the semiconductor structure using “Contact region #2,”
“Contact region #3,” and “Contact region #4.” The metals
for the contact regions can be chosen to be high work
function metals or low work functions metals for contacting
to different conductivity type (n-type or p-type) epitaxial
oxide materials, as described herein. The contact regions can
all be patterned to achieve desired electrical resistances and
to allow light to enter and/or escape from the semiconductor
structures, in some cases.
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FIG. 101C shows the structure from FIG. 101B with an
additional “Contact region #5,” which makes contact to the
back side (opposite the epitaxial oxide layers) of the sub-
strate (“SUB”). Such a contact region can be used when the
substrate has a sufficient electrical conductivity. The metals
for the contact region to the backside of the substrate
(“SUB”) can be chosen to be high work function metals or
low work functions metals for contacting to different con-
ductivity type epitaxial oxide materials, as described herein.

FIGS. 102A and 102B show simplified E-k diagrams in
the vicinity of the Brillouin-zone center for an epitaxial
oxide material, such as those shown in FIGS. 28, 76A-1,
76A-2 and 76B, showing a process of impact ionization. The
band structure represents the allowed energy states for
electrons in a crystal. A hot electron can be injected into an
epitaxial oxide material, as shown in FIG. 102A. If the hot
electron has an energy above about half the bandgap of the
epitaxial oxide material, then it can relax and form a pair of
electrons with energy at the conduction band minimum. As
shown in FIG. 102B, the excess energy of the hot electron
is transferred to a generated electron hole pair in the epi-
taxial oxide material. The impact ionization process shown
in these figures illustrates that impact ionization leads to a
multiplication of free carriers in the epitaxial oxide material.

FIG. 103A shows a plot of energy versus bandgap of an
epitaxial oxide material (including the conduction band
edge, E_, and the valence band edge, E,), where the dotted
line shows the approximate threshold energy required by a
hot electron to generate an excess electron-hole pair through
an impact ionization process. FIG. 103B shows an example
of a hot electron in a-Ga,O; with a bandgap of about 5 eV.
In this example, the hot electron needs to have an excess
energy of about 2.5 eV above the conduction band edge of
the a-Ga,0;.

FIG. 104A shows a schematic of an epitaxial oxide
material with two planar contact layers (e.g., metals, or
highly doped semiconductor contact materials and metal
contacts) coupled to an applied voltage, V,. FIG. 104B
shows a band diagram of the structure shown in FIG. 104A
along the growth (“z”) direction of the epitaxial oxide
material. The applied bias V, forms an electric field in the
epitaxial oxide material, which can accelerate electrons
injected into the epitaxial oxide material, thereby increasing
their energy. L;; is minimum distance the hot electron must
propagate before an impact ionization event probability
becomes high, and an excess electron-hole pair is formed
(i.e., carrier multiplication occurs). In such structures, the
thickness of the epitaxial oxide material in the growth (“z”)
direction needs to be thick enough, and the applied bias
needs to be high enough to facilitate impact ionization. For
example, the oxide material thickness can be about 1 um, or
from 500 nm to 5 um, or more than 5 um. The applied bias
can also be very high to form a large electric field, such as
greater than 10 V, greater than 20 V, greater than 50 V, or
greater than 100 V, or from 10 V to 50 V, or from 10 V to
100V, or from 10 V to 200 V. The high breakdown voltages
achievable by epitaxial oxide materials is therefore also
beneficial. In some cases, epitaxial oxide materials with
wide bandgaps and high breakdown voltages can enable
devices (e.g., sensors, LEDs, lasers) with impact ionization
that would not be possible in other materials with narrower
bandgaps and lower breakdown voltages.

FIG. 104C shows a band diagram of the structure shown
in FIG. 104A along the growth (“z”) direction of the
epitaxial oxide material. In this example, the epitaxial oxide
has a gradient in bandgap (i.e., a graded bandgap) in the
growth “z” direction, E_(z). The graded bandgap can be
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formed, for example by a gradient in composition in the
growth “z” direction, as described herein. For example, the
epitaxial oxide layer can comprise (Al Ga,_,),0; (or
(Al,Ga,_,),0,, where O=x<l, l1=y=3, and 2=<z=<4) where x
varies in the growth “z” direction. The graded bandgap
further increases the electric field, which further facilitates
impact ionization. In the structure in this example, the
excess energy of the electrons increases as a function of
propagation distance “z.” Pair production probability there-
fore also increases as a function of propagation distance “z.”
With a graded bandgap any electrons that do not recombine
can get accelerated further into the material and gain more
excess energy. These structures therefore can also make
avalanche diodes (e.g., for sensors, or LEDs).

The example above shows a gradient within a layer,
however, in other examples, digital alloys and/or chirp
layers can be used to form structures that are favorable for
impact ionization. For example, a chirp layer can be used to
progressively narrow the effective bandgap of a layer, which
would cause the excess energy of injected electrons to
increase as a function of propagation distance “z” similar to
the graded layer described above.

FIG. 104C also shows that the excess electron-hole pairs
generated via impact ionization in epitaxial oxide layers can
recombine radiatively to emit photons (with wavelength X
related to the bandgap of the material). Such radiative
recombination is more favorable in epitaxial oxide materials
with direct bandgaps, e.g, k-(AlGa, ),0, or
K-(Al,Ga,_),0,, where O=x=1, 1=<y=3, and 2=z=4.

The structures described in FIGS. 104A-104C can be
used, for example, in electroluminescent devices such as
LEDs, or sensors such as avalanche photodiodes.

FIG. 105 shows a schematic of an example of an elec-
troluminescent device including a high work function metal
(“metal #1”), an ultra-wide bandgap (“UWBG”) layer, a
wide bandgap (“WBG”) epitaxial oxide layer, and a second
metal contact (“metal #27). The bandgap of the WBG
epitaxial oxide layer is selected for the desired optical
emission wavelength, and is a direct bandgap. The UWBG
layer can also be an epitaxial oxide layer. The UWBG layer
is thin (e.g., the thickness (z,-z,) is below 10 nm, or below
1 nm) and acts as a tunnel barrier for the injection of hot
electrons into the WBG epitaxial oxide layer. The work
function of the metal, and the band edges of the UWBG and
WBG epitaxial oxide layer are chosen such that the hot
electrons have enough excess energy to generate an addi-
tional electron-hole pair via impact ionization. The injected
and generated electron-hole pairs can then recombine to
emit light of the desired wavelength.

FIGS. 106A and 106B show schematics of examples of
electroluminescent devices that are p-i-n diodes including a
p-type semiconductor layer, an epitaxial oxide layer that is
not intentionally doped (NID), an impact ionization region
(IIR), and an n-type semiconductor layer. The p-type and
n-type semiconductor layers can be epitaxial oxide layers.
The p-type and n-type semiconductor layers can have wider
bandgaps than the epitaxial oxide layer, to form heterostruc-
tures as shown in the figures. The p-type and n-type semi-
conductor layers can be coupled to a high work function
metal, and a second metal contact, respectively, such that
bias can be applied to the structures.

In the example shown in FIG. 106 A, the bandgap of the
p-type semiconductor layer is E_,, the bandgap of the
epitaxial oxide layer that is not intentionally doped (NID)
and comprises an impact ionization region (IIR) is Bz, and
the bandgap of the n-type semiconductor layer is E,,,. In this

example, B >E_, and B_,>E ;.. In the example shown in



US 11,621,329 Bl

101

FIG. 106B, the NID epitaxial oxide layer has a graded
bandgap, and the bandgaps of the n-type and p-type layers
are different from one another, such that E,,>E_, at the
interface between the p-type semiconductor layer and the
NID epitaxial oxide layer, and E,, >E_,; at the interface
between the n-type semiconductor layer and the NID epi-
taxial oxide layer. Both of these examples can operate as
LEDs, where injected electrons gain excess energy through
the NID epitaxial oxide region, generate excess electron-
hole pairs via impact ionization, and the generated electron-
hole pairs can then recombine to emit photons. Structures
with similar band diagrams as those shown in FIGS. 106A
and 106B can also be used as avalanche photodiodes, by
applying a reverse bias between the n-type and p-type layers.

FIG. 107 shows the minimum bandgap energy versus the
minor lattice constant of monoclinic B(Al,Ga,_,),0;. The
lattice constants for all 3 independent crystal axes (a, b, c)
become smaller as the Al mole fraction x increases. The
monoclinic C2m space group has a unit cell comprising 4
distinct octahedral bonding sites and 4 distinct tetrahedral
bonding sites. Theoretically the full mole fraction 0<x<1
range is possible, however, it was found experimentally that
Al atoms prefer exclusively octahedral bonding sites
whereas Ga atoms can occupy both symmetry sites. This
limits the attainable alloy range to 0<x<0.5 and the available
minimum bandgap to ~6 eV.

Furthermore, it was found via experiments in accordance
with the present disclosure that Al atoms are particularly
difficult to incorporate on the (—201) face, whereas (100),
(001), (010)-oriented surfaces can attain 0<x<0.35, while
(110)-oriented surfaces can accommodate large mole frac-
tions of Al, such that 0<x<0.5.

FIG. 108 shows the minimum bandgap energy versus the
minor lattice constant “a” of hexagonal o(Al,Ga,_,),0;.
The lattice constants for the two independent crystal axes (a,
¢) become smaller as the Al mole fraction x increases. The
hexagonal R3c space group has a unit cell comprising 12
distinct octahedral bonding sites. Theoretically the full mole
fraction 0<x<1 range is possible and was confirmed experi-
mentally 0<x<1.0. The Al and Ga atoms comprising the
alloy can in general randomly select any of the 12 distinct
bonding sites. The well-known x=1.0 composition is com-
monly referred to as sapphire and is commercially available
in large wafer diameters and exceptionally high crystalline
quality. Common crystal faces for epitaxial wafer growth are
C-plane, A-plane, R-plane and M-plane. Intentional small
angle misoriented surfaces away from A-, R-, C- and
M-planes are also possible for optimizing growth conditions
of epitaxial 0i(Al,Ga,_x),0;. It was found experimentally
that (Al Ga,_x),O; can be epitaxially formed on A-, R- and
M-plane sapphire. In particular, the A-plane shows excep-
tionally high crystal quality epilayer growth. Substrates for
deposition of o(Al,Ga,_,),0; include tetrahedral LiGaO,
and others such as metallic surfaces of Ni(111) and AI(111).

FIG. 109 shows an example of some embodiments of
forming R3c a(Al,Ga,_,),0; epitaxial structures. The crys-
tal structures shown describe the atomic positions within a
repeating unit cell comprising a bilayer pair of ®Ga,O; and
AL, O;. This digital superlattice formation can be utilized to
form an equivalent ordered ternary alloy of composition
(Al Ga,_,),0; wherein the equivalent mole fraction of Al
is given by the expression:

Lano4
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Furthermore, if the layer thicknesses are selected to be
sufficiently thin (typically, less than about 10 unit cells of the
respective bulk material) then quantization effects along the
growth axis occurs and electronic properties will be deter-
mined by the quantized energy states in the conduction and
valence bands of the narrower bandgap material aGa,O5. If
the wider bandgap materials tAl,O; is also sufficiently thin
(namely, less than about 5 unit cells) then quantum mechani-
cal tunnelling of electrons and holes can occur along the
quantization axis (in general parallel to the layer formation
direction).

A monolayer (ML) is defined as the unit cell thickness
along the given crystal axis. For the (110) oriented growth
the free-standing value for 1 ML ¢ Al,0,=4.161 A and 1 ML
0Ga,0,=4.382 A.

It was discovered in accordance with the present disclo-
sure that the A-plane surface of sapphire is exceptionally
advantageous for thin film formation of ®(Al,Ga,_,),05 and
multilayered structures thereof. FIG. 109 shows three
example cases of a digital SL intentionally formed along the
[110] growth axis or deposited on the A-plane of
(Al Ga,_x),0s.

In this example, the SL comprises a repeating SL period
of 4 ML in thickness, however, thicker or thinner periods can
be selected. The cross-section of the crystal is equivalent to
viewing the C-axis in plan view, and is to be understood that
the structure is periodic in the horizontal directions repre-
senting an epitaxial film. Clearly if there are no Ga atoms
substituted in the crystal, the structure represents bulk
A1, O as shown on the left-hand diagram of the figure. An
example case of Ga atom substitution is shown in the middle
diagram of FIG. 109, with an SL structure comprising 1 ML
0Ga,0,/3 ML aALO; being the equivalent bulk ternary
alloy of (Al 75Gag »5),05. Another example case is shown
in the right-hand diagram of FIG. 109, with an SL structure
comprising 2 ML aGa,0,/2 ML aAl,O; being the equiva-
lent bulk ternary alloy of (Al, 5Gag 5),05. An advantage of
using a digital alloy (such as those shown in FIG. 109)
compared to co-deposition of simultaneous Al and Ga
adatoms to form a random ternary alloy is the ability to
bandgap engineer the electronics properties of the material
beyond a simple random alloy. In practice, the digital alloy
enables much simpler growth methods for MBE as only two
elemental fluxes of Al and Ga are required to create a wide
range of bandgap compositions. Otherwise, the flux ratio of
Al ((Al) and Ga ((Ga) must be configured and precisely
maintained to achieve the required Al mole fraction using:

andom _ P
A= .
@y + PGy

FIG. 110 shows an example implementation of a stepped
increment tuning of the effective alloy composition of each
SL region along the growth direction of a chirp layer. As an
example, four SL regions are shown with varying equivalent
mole fractions of Al-x1, x2, x3 and x4. The period of each
SL can be kept constant, such as shown in FIG. 109, but the
bilayer thicknesses can be varied, as shown in FIG. 110. The
number of periods can also be kept the same or varied
between SLs along the growth direction. The example shows
the SL changing from high Al % near the substrate to a
higher Ga % near the top. This method of grading the
average alloy content as a function of the growth direction
can be advantageous for managing the misfit strain at the
heterojunction interfaces, for example, determined by the
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lattice constants shown in FIG. 108. It was found that the
critical layer thickness L., for aGa,0; on bulk aAl,O,
(110) is about L, ;<100 nm. Therefore, the digital step
graded SL method disclosed herein enables creation of high
Ga % layers on sapphire substrates.

FIG. 111 shows an experimental XRD plot of a step
graded SLs (SGSL) structure (that forms a chirp layer) using
a digital alloy comprising bilayers of aGa,0; and cAl,O;
deposited on (110)-oriented sapphire (zero miscut). The
SGSL had a period of 7.6 nm and each SL had 10 periods.
The bilayer pair thickness was varied along the growth
direction from low average Ga % to high average Ga %. The
resulting equivalent alloy diffraction peak a(Al, sGa, 5),04
(110) can be compared to the pseudomorphic bulk aGa,O,
(110) diffraction peak shown in the figure.

FIG. 112 shows another example and possible application
of the step graded SLs which can be used to form a
pseudo-substrate with a tuned in-plane lattice constant for a
subsequent high quality and close lattice matched active
layer such as the “bulk” (meaning a single layer rather than
an SL) a(Al sGa,__5),0;. The active layer can, for example,
be used for the high mobility region of a transistor.

FIG. 113 shows an example of a high complexity digital
alloy grading interleaved by a wide bandgap spacer, in this
case a aAl,O; interposer layer. The SL regions are varied by
the narrow bandgap (NBG) and wide bandgap (WBG) layer
thicknesses L, and number of periods N,,,,. Such structures
are advantageous for creating chirped electronic bandgap
structures along the growth direction.

FIGS. 114 A and 114B shows plots of the high-resolution
Bragg XRD and the grazing incidence x-ray reflection
(XRR) of the chirped SL with interposer as described in FIG.
113. The XRD pattern shows well defined satellite peaks due
to the imposed periodicity of keeping both the spacer and SL,
region period constant. The width of the satellite peak is
testament to the varying effective alloy content as a function
of the growth direction. Eight SL. regions were utilized in
this example with a period of ~8 ML and an estimated duty
cycle of the aGa,0; and aAl,O; constituent bilayers
selected to achieve 0.125=x<0.875. The thickness of the
aAl,O; interposer was 4 ML. The XRR plot shows the deep
modulation in reflectivity but maintaining sharp and well
resolved satellite reflexes indicative of high interfacial flat-
ness between each SL bilayer and between SL and inter-
poser.

FIGS. 115A and 115B show the electronic band diagram
as a function of the growth direction for a chirp layer
structure like those of FIGS. 112 and 113, at zero bias
conditions and under a bias “V, .” FIG. 115C shows the
lowest energy quantized energy wavefunction confined
within the aGa,O; layers of the chirp layer. The SL regions
have an effective bandgap determined by the quantized
energy levels confined within the NBG aGa,0;. FIG. 115D
is the wavelength spectrum of the oscillator strength for
electric dipole transitions between the conduction and
valence band of the chirp layer modeled in FIGS. 115A-
115C. It is calculated from the spatial overlap integrals
between the conduction and valence band quantized wave-
functions. This curve is related to either the absorption
coeflicient or the emission spectrum of electrons and holes
recombining in the structure. FIG. 115D also shows the
calculated electron and hole wavefunctions (', and
1,71, respectively) within a quantum well of the structure
under bias.

Adjacent Superlattices

The present disclosure describes semiconductor structures
with one or more superlattices containing an epitaxial oxide
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material. In some cases, the semiconductor structures con-
tain two or more superlattices. In some cases, the two or
more superlattices are adjacent to one another in the semi-
conductor structure. The superlattices can be i-type (i.e.,
intrinsic, or not intentionally doped), n-type, or p-type. The
superlattices that are n-type or p-type can contain impurities
that act as extrinsic dopants. In some cases, the n-type or
p-type superlattices contain polar epitaxial oxide materials,
and the n-type or p-type conductivity can be induced via
polarization doping (e.g., due to a strain within the super-
lattice).

The epitaxial oxide materials contained in the superlat-
tices described herein can be any of those shown in the table
in FIG. 28 and in FIGS. 76A-1, 76A-2 and 76B. Some
examples of epitaxial oxide materials are (Al Ga,_,),0;
where Osx<l; (AlLGa,_,),0, where O=x=<l, l<y=<3, and
2=z=<4; NiO; (MgZn, Jz(AlGa,_ )., Os; , where
O=x<l, Osy=l and Osz=l; (Mg\Ni,_)z(AlGa, ), _,
O;_,, where O=x=1, O<y=1 and O=z<1; MgAl,O,; ZnGa,0,;
Mg, Zn Ni, )AL Ga, ),0, where O=xs<l1, O<y=<1 (e.g,
(Mg, Zn,_,)(Al),0,), or (Mg)(ALGa,_,),0.,); (ALGa,_,),
(Si,Ge;_,)O5 where 0Osx=1 and 0=z<l; (Al Ga,_,),LiO,
where O=x=<l; and (Mg, Zn, . Ni ),GeO, where O=x<I,
O=y=l.

For example, a superlattice described herein can contain
a wider bandgap (Al Ga,_,),0; layer and a narrower band-
gap (Al Ga,_,),0O; layer, where Osx<1 for both composi-
tions and x is different in each composition, and where the
difference in bandgap between the layers is from 0.1 eV to
2 eV and/or the difference in x between the layers is from 0.1
to 1. In another example, a superlattice can contain a wider
bandgap (Al Ga, ,),0; layer and a narrower bandgap
(AL, Ga,_,),0; layer, where O=x<1 for both compositions
(i.e., both compositions are ternary materials) and x is
different in each composition, and where the difference in
bandgap between the layers is from 0.1 eV to 2 eV and/or the
difference in x between the layers is from 0.1 to 1.

In another example, a superlattice described herein can
contain a first layer of (Al Ga,_,),0;, where Osx<l, or
(Al Ga,_,),0,, where O=x<l, 1=y=3, and 2=<z<4, and a
second layer, where the material of the second layer is
selected from (Al Ga,_,),0; where O=x<l; (Al,Ga,_,) 0O,
where Osxsl, lsy<’, and 2s=z<4; NiO; (Mg, Zn, )z
(ALGa, ), 05, where O=x<l, Osy=l and Oszs<l;
Mg Ni,_).(ALGa,_,),,_,O;_,, where O=x<l, O<y=l and
O=z=l1; MgALO,; ZnGa,0,; Mg, Zn Ni,_, )
(Al Ga, ),0, where O=x<l, O<y=l (e.g, (Mg,/Zn, )
(AD,0,). or (Mg)(ALGa,_,),0,): (ALGa,_),(Si.Ge,_)Os
where O=x=<1 and 0=z=<l; (ALGa,_,),LiO, where O=x<l;
Mg, Zn,_,_Ni ),GeO, where O=x=l, O<y=1; and/or other
epitaxial oxide materials from FIGS. 28, 76 A-1, 76A-2 and
76B.

In another example, a superlattice described herein can
contain a first layer and a second layer, where the materials
of the first and second layers are selected from
(Al,Ga,_,),0; where 0=x<l1; (Al Ga,_,),0, where O=x<l,
I=y=3, and 2=<z=4; NiO; (Mg, Zn,_)z(AlGa, )5 _,Os 5,
where O=x=<l, O=y=<l and O=z=l; (MgNi,_,).
(ALGa,_ ) 05, where 0O=x<l, Osy=l and Oszs<l;
MgAl,O,; ZnGa,0,4; (Mg, Zn Ni, (Al Ga,_),0, where
O=x=<l, O=y=l (e.g, (Mg Zn, )(A]),O,), or (Mg)
(Al Ga,_),0,); (AlGa, _,),(5i,Ge,_,)Os where O=x=<1 and
O=<z<l; (ALGa,_,),Li0, where O=x=l;
Mg, Zn,_,_Ni ),GeO, where O=x=l, O<y=1; and/or other
epitaxial oxide materials from FIGS. 28, 76 A-1, 76A-2 and
76B.
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In some embodiments, the epitaxial oxide materials in the
superlattices described herein can each have a cubic, tetra-
hedral, rhombohedral, hexagonal, and/or monoclinic crystal
symmetry. In some embodiments, the epitaxial oxide mate-
rials in the doped superlattices described herein comprise
(AL Ga,_,),0; with a space group that is R3¢, Pna21, C2m,
Fd3m and/or Ia3.

In some cases, the semiconductor structures are grown on
substrates selected from Al,O, (any crystal symmetry, and
C-plane, R-plane, A-plane or M-plane oriented), Ga,O; (any
crystal symmetry), MgO, LiF, MgAl,0,, MgGa,0,,
LiGaO,, LiAlO,, (Al,Ga,_,),0, where 0=x<1, 1<y=<3, and
2<7=<4 (any crystal symmetry), MgF,, LaAlO;, TiO,, or
quartz. In some cases, the epitaxial oxide materials of the
superlattices described herein and the substrate material
upon which the semiconductor structures described herein
are grown are selected such that the layers of the semicon-
ductor structure have a predetermined strain. In some cases,
the epitaxial oxide materials and the substrate material are
selected such that the layers of the semiconductor structure
have in-plane (i.e., parallel with the surface of the substrate)
lattice constants (or crystal plane spacings) that are within
0.5%, 1%, 1.5%, or 2% of an in-plane lattice constant (or
crystal plane spacing) of the substrate. In other cases, a
buffer layer (e.g., including a compositional gradient, or a
changing average alloy content) can be used to reset the
lattice constant (or crystal plane spacing) of the substrate,
and the layers of the semiconductor structure have in-plane
lattice constants (or crystal plane spacings) that are within
0.5%, 1%, 1.5%, or 2% of the final (or topmost) lattice
constant (or crystal plane spacing) of the buffer layer.

According to one aspect, the semiconductor structures
with one or more superlattices containing an epitaxial oxide
material described herein reside in an optoelectronic device
such as an LED or a laser.

In some embodiments, the semiconductor structure is
constructed by growth, for example, epitaxial layer growth,
along a predetermined growth direction. In some cases, the
semiconductor structure is comprised solely of one or more
superlattices. For example, where the semiconductor struc-
ture comprises more than one superlattice, the superlattices
are formed atop one another in a contiguous stack. In some
embodiments, the one or more superlattices are short period
superlattices. Each of the one or more superlattices can be
comprised of a plurality of unit cells, and each of the
plurality of unit cells can comprise at least two distinct
substantially single crystal layers. In some embodiments,
one or more of the at least two distinct substantially single
crystal layers are distinct single crystal semiconductor lay-
ers, and in some cases all of the at least two distinct
substantially single crystal layers are distinct single crystal
semiconductor layers. However, in some embodiments, one
or more of the at least two distinct substantially single
crystal layers are metal layers. For example, the metal layers
can be formed of aluminium (Al).

The semiconductor structure can include a p-type active
region and an n-type active region. The p-type active region
of the semiconductor structure provides p-type conductivity,
and the n-type active region provides n-type conductivity. In
some embodiments, the semiconductor structure includes an
i-type (i.e., intrinsic, or not intentionally doped) active
region between the n-type active region and the p-type
active region to form a p-i-n device. In other embodiments,
the semiconductor structure can include an i-type active
region between two n-type active regions, or an i-type active
region between two p-type active regions. In other embodi-
ments, the semiconductor structure can include an p-type
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active region between two n-type active regions, or an
p-type active region between two n-type active regions. In
all of the cases above, the n-type, i-type and/or p-type active
regions can include superlattices, and two or more adjacent
regions can contain superlattices.

In some embodiments, each region of the semiconductor
structure is a separate superlattice. However, in some alter-
native embodiments, the n-type active region, the p-type
active region and/or the i-type active region are regions of a
single superlattice. In other alternative embodiments, the
active region, the p-type active region and/or the i-type
active region each comprise one or more superlattices. In
other embodiments, two or more of the n-type active region,
the p-type active region and the i-type active region are
superlattices, and the third region does not comprise a
superlattice. In some embodiments, the semiconductor
structure also contains a buffer layer (e.g., between the
n-type active region and a substrate, or between the p-type
active region and a substrate) that may or may not also
contain a superlattice.

In some embodiments, the optoelectronic device is a light
emitting diode or a laser and/or emits ultraviolet light in the
wavelength range of 150 nm to 700 nm, or in the wavelength
range of 150 nm to 280 nm, or in the wavelength range of
210 nm to 240 nm. In some embodiments, the optoelectronic
device emits ultraviolet light in the wavelength range of 240
nm to 300 nm, or in the wavelength range of 260 nm to 290
nm. When the optoelectronic device is configured as a light
emitting device, the optical energy is generated by recom-
bination of electrically active holes and electrons supplied
by the p-type active region and the n-type active region. The
recombination of holes and electrons can occur in a region
substantially between the p-type active region and the n-type
active region, for example, in the i-type active region or
around an interface of the p-type active region and n-type
active region when an i-type active region is omitted. In
some cases, the semiconductor structure can include an
i-type active region between two n-type active regions, or an
i-type active region between two p-type active regions, and
the light can be emitted from the i-type active region.

Each layer in each unit cell in the one or more superlat-
tices (e.g., in the n-type, i-type and/or p-type active regions,
and/or in a buffer layer or other layer in the structure) has a
thickness that can be selected to control electronic and
optical properties of the optoelectronic device by controlling
quantized energy states and spatial wavefunctions for elec-
trons and holes in the electronic band structure of the
superlattice. From this selection a desired electronic and
optical energy can be achieved. In some embodiments, an
average thickness in the growth direction of each of the
plurality of unit cells is constant within at least one of the
one or more superlattices. In some embodiments, the unit
cells in two or more of the n-type active region, the p-type
active region and the i-type active region have different
average thicknesses.

In some embodiments, one of the at least two layers of
each of the plurality of unit cells within at least a portion of
the one or more superlattices comprises from 1 to 10
monolayers of atoms, or from 1 to 100 monolayers, along
the growth direction and the other one or more layers in each
of the respective unit cells comprise a total of 1 to 10
monolayers, or from 1 to 100 monolayers, of atoms along
the growth direction where the thickness of a unit cell will
vary in accordance with the number of monolayers. As an
example, the thickness of a monolayer could vary from
about 1 A to about 10 A. In some embodiments, all or a
majority of the distinct substantially single crystal layers of
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each unit cell within each superlattice have a thickness of 1
monolayer to 10 monolayers, or from 1 to 100 monolayers,
of atoms along a growth direction. In some embodiments, at
least two layers in each of the plurality of unit cells each
have a thickness of less than or equal to 6 monolayers, or
less than or equal to 20 monolayers, or less than or equal to
100 monolayers, of a material of which the respective layer
is composed along the growth direction. In some embodi-
ments, the thickness of each unit cell is chosen based on the
composition of the unit cell.

An average alloy content (or, an effective alloy content, or
average alloy composition, or average composition) of each
of the plurality of unit cells can be constant or non-constant
along the growth direction within at least one of the one or
more superlattices. Maintaining a constant average alloy
content enables lattice matching of the effective in-plane
lattice constant of the unit cells of dissimilar superlattices. In
some embodiments, throughout the semiconductor structure,
unit cells that are adjacent to one another have substantially
the same average alloy content. In some embodiments, the
average alloy content of each of the plurality of unit cells is
constant in a substantial portion of the semiconductor struc-
ture. In some cases, the average alloy content is constant
through two adjacent superlattices in the semiconductor
structure by using the same materials compositions in the
layers of the unit cells of the adjacent superlattices, and by
keeping the ratio of thicknesses of the layers of the unit cells
constant through two or more superlattices of the semicon-
ductor structure. For example, a well layer of (Al Ga,_,),0;
with a first thickness and barrier layer of (Al Ga,_,),0; with
a second thickness (where O=x=<l and Oy=1, x and y are
different values, and y is greater than x) can be used to form
a unit cell of a first superlattice. A second superlattice can
then be formed, adjacent to the first superlattice, with unit
cells having layers of the same compositions of
(AlLGa,_,),0; and (AL Ga,_,),0; (i.e., where x and y are the
same as those in the unit cells of the first superlattice) with
a ratio of thicknesses between the layers that is equal to a
ratio of the first thickness and the second thickness.

In some embodiments, the at least two distinct substan-
tially single crystal layers of each unit cell in the one or more
superlattices (e.g., in the n-type, i-type and/or p-type active
regions) have a crystal symmetry that is hexagonal, ortho-
rhombic, monoclinic and/or cubic (e.g., (Al,Ga,_,) 0, with
a space group that is R3c, Pna21, C2m, Fd3m, and/or 1a3)
and have a crystal polarity in the growth direction that is
either a metal-polar polarity or oxygen-polar polarity. In
some embodiments, the crystal polarity is spatially varied
along the growth direction, the crystal polarity being alter-
nately flipped between the oxygen-polar polarity and the
metal-polar polarity.

In some cases, each of the at least two distinct substan-
tially single crystal layers of each unit cell in each superla-
ttice comprises at least one of the following compositions: a
binary composition single crystal semiconductor material
(A0,), where O=x=<1 and Os<y=<l; a ternary composition
single crystal semiconductor material (A, Bi,_,0,), where
O=<u=l and O<y=1; and/or a quaternary composition single
crystal semiconductor material (A,B,C, , O, where
O=p=1, 0=g=1 and O<y=1. Here A, B and C are distinct metal
or non-metal atoms selected from group II and/or group II1
elements, rare earth elements, and/or Ga, Al, Mg, Ni, Zn, Bi,
Ge, Ir, Li, Gd and/or Er; and O is oxygen.

For example, each of the at least two distinct substantially
single crystal layers of each unit cell in each superlattice
(e.g., in the n-type, i-type and/or p-type active regions,
and/or in a buffer layer or other layer in the structure) can
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comprise at least one of the following compositions: alu-
minium oxide (Al,O,); gallium oxide (Ga,O;); aluminium
gallium oxide ((AlGa,_,),0;, where O=x<l, or
(Al Ga,_,),0,, where O=x=<l, lsy=<3, and 2=<z=4); NiO;
Mg Zn, ), (AL Ga,_),_y05_5,, where Os=x<l, Osy=l,
O=z=1; (MgNi,_,).(Al,Ga, )q_,)0s 5, where Os=x=I,
O=y=l, 0=z<l; MgAl,O,; MgGa,O,; ZnGa,O,; ZnAl,O,;
MgO; LiF; MgF,; and/or other epitaxial oxide materials
from FIGS. 28, 76A-1, 76A-2 and 76B. In some embodi-
ments, one of the at least two distinct substantially single
crystal layers comprises a narrower band gap material and
another of the at least two distinct substantially single crystal
layers comprises a wider bandgap material.

In some embodiments, one or more of the at least two
distinct substantially single crystal layers of each unit cell is
formed of a metal. For example, each unit cell can comprise
an aluminium (Al) layer and an aluminium oxide (Al,O;)
layer.

In some embodiments, one or more layers of each unit cell
of the one or more superlattices is not intentionally doped
with an impurity species, for example, in the n-type active
region, the p-type active region and/or the i-type active
region. Alternatively or additionally, one or more layers of
each unit cell of the one or more superlattices of the n-type
active region and/or the p-type active region is intentionally
doped with one or more impurity species or formed with one
or more impurity species.

In some embodiments, the semiconductor structures with
one or more superlattices containing an epitaxial oxide
material are incorporated into n-type or p-type regions
(and/or layers). In some cases, the semiconductor structures
described herein can contain one or more superlattices
containing an epitaxial oxide material and additionally con-
tain n-type and/or p-type region(s) (and/or layer(s)) contain-
ing an epitaxial oxide material.

For example, an n-type region (and/or layer) containing
an epitaxial oxide material (either in a superlattice, or not in
a superlattice) can comprise (Mg, Zn,_,).(AlGa, ), .,
O;_,., where O=x=1, O<y=l and O=z<1, or (Al Ga,_,),0;,
where O=x<1, and a donor material such as Si; Ge; Sn; rare
earth elements (e.g., Er and Gd); and/or group III elements
such as Al, Ga, and In. In another example, the n-type region
(and/or layer) can contain Mg,GeO, and a donor material
such as one or more group III elements such as Al, Ga,
and/or In.

For example, a p-type region (and/or layer) containing an
epitaxial oxide material (either in a superlattice, or not in a
superlattice) can comprise (MgNi, ). (AL Ga, ), .,
O;_,,, where 0O=x=<l, Osy=<] and O=z<l, and an acceptor
material such as Li, N, Ir, Bi and/or Pd. For example, the
p-type region (and/or layer) containing an epitaxial oxide
material (either in a superlattice, or not in a superlattice) can
comprise Mg, Ga,(,_,O;_,,, where x=<0.1, that is p-type due
to a substitution of Ga* cation sites by Mg** cations.

At least a portion of the at least one of the one or more
superlattices can include a uniaxial strain, a biaxial strain or
a triaxial strain. In some cases, the strain can modify the
band structure of the material (e.g., convert an indirect
bandgap to a direct bandgap) and/or a level of activated
impurity doping. In some cases, by the action of crystal
deformation in at least one crystal direction, the induced
strain can deform advantageously the energy band structure
of'the materials in the layers of the one or more superlattices.
The resulting energy shift of the conduction or valence band
edges can then be used to reduce the activation energy of a
given impurity dopant relative to the superlattice. For
example, an epitaxial oxide material doped with an impurity
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can be subjected to a strain (e.g., an elastic tensile strain
substantially perpendicular to the growth direction), and the
resulting shift in energy of the valence band edges can result
in a reduced energy separation between the valence band
edge and the impurity energy level. This energy separation
is known as the activation energy for holes and is tempera-
ture dependent. Therefore, in some cases, reducing the
activation energy of a specific carrier due to an impurity
dopant via the application of a strain dramatically improves
the activated carrier density of the doped material. This
built-in strain can be selected during an epitaxial material
formation step during the formation of the superlattice.
Therefore, strain can enhance the activation energy of one or
more of the intentionally doped regions that contain the
impurity species. This improves an electron or hole carrier
concentration in the one or more of the intentionally doped
regions.

FIG. 116A is a diagram showing a sectional view of a
semiconductor structure (or stack) 7100 for an optoelec-
tronic device according to some embodiments of the present
semiconductor structures with one or more superlattices
containing an epitaxial oxide material. In one embodiment,
the optoelectronic device is a Light Emitting Diode (LED).
However, it should be appreciated that the present semicon-
ductor structures may also be adapted to fabricate superlu-
minescent LEDs and lasing devices with the positioning of
suitable reflective layers or mirrors in the optoelectronic
device.

The stack 7100 comprises a crystalline substrate 7110. A
buffer region 7112 is grown first on the substrate 7110
followed by a semiconductor structure 7114. The buffer
region 7112 and the semiconductor structure 7114 are
formed or grown in a growth direction indicated by arrow
7101. The buffer region 7112 includes a buffer layer 7120
and one or more superlattices 7130. In some embodiments,
the buffer region acts as a strain control mechanism provid-
ing a predetermined in-plane lattice constant.

The semiconductor structure 7114 comprises, in growth
order, an n-type active region 7140, an i-type active region
7150 and a p-type active region 7160. A p-type contact layer
7170 is optionally formed on the p-type active region 7160.
A first contact layer 7180 is formed on the p-type contact
layer 7170 or the p-type active region 7160 if the p-type
contact layer is not present. In some embodiments, at least
one region of the semiconductor structure is substantially
transparent to an optical energy emitted by the optoelec-
tronic device. For example, the p-type active region and/or
the n-type active region can be transparent to the emitted
optical energy.

In some embodiments, the substrate 7110 has a thickness
of between 300 pm and 1,000 um. The thickness of the
substrate 7110 can be chosen based on a diameter of the
substrate 7110. For example, a substrate having a diameter
of two inches (25.4 mm) and made of c-plane sapphire may
have a thickness of about 400 um and a substrate having a
diameter of six inches may have a thickness of about 1 mm.
The substrate 7110 can be a native substrate made of a native
material that is native to the n-type active region or a
non-native substrate made from a non-native material that is
non-native to the n-type active region. For example, the
substrate can include single crystal Ga,0O; (e.g., f-Ga,0;),
sapphire (e.g., A-plane sapphire, C-plane sapphire, M-plane
sapphire, or R-plane sapphire), or MgO.

The buffer region 7112 functions as a transition region
between the substrate 7110 and semiconductor structure
7114. For example, the buffer region 7112 can provide a
better match in lattice structure between the substrate 7110

10

15

20

25

30

35

40

45

50

55

60

65

110

and the semiconductor structure 7114 than without a buffer
region present. For example, the buffer region 7112 may
comprise a bulk like buffer layer followed by at least one
superlattice designed to achieve a desired in-plane lattice
constant suitable for depositing the one or more superlattices
of the semiconductor structure of the device. The buffer
region may or may not include a superlattice. In some cases,
the buffer layer can include a single layer of constant
composition, a single layer with a gradient in composition,
and/or a plurality of layers with step changes in composition
(i.e., with a step-wise composition gradient). In some cases,
the buffer region can include a superlattice and one or more
of a single layer of constant composition, a single layer with
a gradient in composition, and/or a plurality of layers with
step changes in composition (i.e., with a step-wise compo-
sition gradient). Some examples of materials comprising
buffer region 7112 are (Al Ga, ,),O; where O=xsl;
(Al Ga,_,),0O, where Osx=<l, 1=<y=3, and 2=z=4; NiO;
Mg Zn,_),(ALGa,_),_,,0;5_,, where O=x<l, O<y=] and
O=z<l; (MgNi, ). (AL Ga, ), 05, where Osxsl,
O<y=l and O=z=<l; MgAl,O,; ZnGa,0,; Mg, Zn Ni,_, )
(Al Ga,_),0, where O=x<l, O<y=l (e.g, (Mg,/Zn, )
(AD,0,). or (Mg)(ALGa,_,),0,): (ALGa,_),(Si.Ge,_)O,
where O=x=<1 and 0=z=<l; (ALGa,_,),LiO, where O=x<l;
and (Mg, Zn, . Ni ),GeO, where O<xsl, O<y=<l.

In some embodiments, the buffer layer 7120 in the buffer
region 7112 has a thickness of between 50 nm and several
micrometers, or between 100 nm and 500 nm. The buffer
layer 7120 can be made from any material that is suitable for
matching (e.g., within a certain amount of mismatch, such as
within 2% in-plane lattice constant mismatch) the lattice
structure of the substrate 7110 to the lattice structure of a
lowest layer of the one or more superlattices. For example,
if the lowest layer of the one or more superlattices is made
of a group III metal oxide material, such as (Al .Ga,_,),0;,
the buffer layer 7120 can be made of the same metal oxide
material, such as (Al Ga,_,),O, of the same (or similar)
composition. In alternative embodiments, the buffer layer
7120 can be omitted.

The one or more superlattices 7130 in the buffer region
7112 and the one or more superlattices in the semiconductor
structure 7114 can each be considered to comprise a plural-
ity of unit cells. For example, the unit cells 7132 are in the
buffer region 7112, the unit cells 7142 are in the n-type
active region 7140, the unit cells 7152 are in the i-type active
region 7150, and the unit cells 7162 are in the p-type active
region 7160. Each of the plurality of unit cells comprises
two distinct substantially single crystal layers. A first layer
in each unit cell is labelled “A” and a second layer in each
unit cell is labelled “B”.

In a region of the semiconductor structure, the first layer
and/or the second layer in each unit cell in a superlattice in
that region can have the same or a different composition as
those in a different region, and/or the same or a different
thickness as those in a different region. For example, FIG.
116A shows the first layers and the second layers having a
greater thickness in the i-type active region 7150 than in the
n-type active region 7140 and the p-type active region 7160.

The n-type active region 7140 provides n-type conduc-
tivity. In some embodiments, one or both of the first layer
7142 A and the second layer 7142B in each unit cell 7142 in
the n-type active region 7140 is doped with, or formed of, a
dopant material, such as the donor and acceptor materials
described herein. In some embodiments, the dopant material
is different in the first layer and the second layer of each unit



US 11,621,329 Bl

111

cell. Some examples of materials comprising n-type active
region 7140 are (Al Ga, _,),0O; where Osxsl; (Al,Ga, ) O,
where O=x=l1, l=y=3, and 2=<z=4; NiO; (Mg/Zn,_ ).
(ALGa,_),_O5_,, where Osx<l, Osy=l and Oszs<l;
(Mg, Ni,_),(Al,Ga,_,),_,,0;5_,, where O=x=<1, O<y=1 and
O=<z=l; MgAl,O,; ZnGa,0,; (Mg, Zn Ni,_, )
(AL Ga,_),0, where Osxsl, Osy=l (eg, (Mg/Zn, )
(AD),0,), or (Mg)(ALGa,_,),0,); (Al,Ga,_,),(S1.Ge,_,)Os
where O=x=<1 and 0=z<l; (Al Ga,_,),Li0, where O=x<l;
and (Mg, Zn,_,_Ni ),GeO, where O=x<l, O<y=l, doped
with a donor material, as described herein.

The i-type active region 7150 is the main active region of
the optoelectronic device. In some embodiments, the i-type
active region is designed to optimize the spatial electron and
hole recombination and to emit a selected emission energy
or wavelength. In some embodiments, the first layer 7152A
and the second layer 7152B in each unit cell 7152 of the
i-type active region 7150 have a thickness that is adjusted to
control the quantum mechanical allowed energies of elec-
trons and holes within the unit cell or the i-type active region
7150. As the thickness of each layer of the unit cells is 1 to
10 monolayers in some embodiments, a quantum description
and treatment of the superlattice structure is necessary to
determine the electronic and optical configuration. Some
examples of materials comprising the i-type active region
7150 are (Al,Ga, _,),0; where O=x<1; (Al,Ga,_,),0, where
O=x=<l, 1=y=<3, and 2=<z=4; NiO; (Mg/Zn,_)).
(ALGa,_ ), Os_, where Osxs<l, Osys<l and Oszsl;
(Mg, Ni,_),(AlGa,_),_,,0;5_,, where O=x=<1, O<y=1 and
O=z=l1,; MgAL,O,; ZnGa,0,; (Mg, Zn Ni,_, )
(ALGa,_),0, where O=x<l, O<y=<l (e.g, (Mg,/Zn, )
(AD),0,), or (Mg)(ALGa,_,),0,); (Al,Ga,_,),(S1.Ge,_,)Os
where O=x=<1 and 0=z<l; (Al Ga,_,),Li0, where O=x<l;
and (Mg, Zn,_, Ni ),GeO, where O=x=<1, O<y=1.

Additionally, in some cases, group III metal oxide mate-
rials having a polar nature are used to form the layers, and
there are internal electric fields across each heterojunction of
the unit cell and the one or more superlattices. For example,
(AL, Ga,_,),0;, where O=x=<1, with a Pna21 space group is a
polar epitaxial oxide material. Built-in electric fields can
form due to spontaneous and/or induced piezoelectric
charges that occur at each heterojunction. The complex
spatial band structure along the growth direction creates a
non-trivial potential variation in the conduction and valence
bands which is modulated by the spatial variation in com-
position between the layers of the unit cells. This spatial
variation is of the order of the deBroglie wavelength of the
respective carriers within the conduction and valence bands,
and thus requires a quantum treatment of the resulting
confined energy levels and spatial probability distribution
(defined herein as the carrier wavefunction) within the one
or more superlattices.

Furthermore, for polar epitaxial oxide materials, a crystal
polarity of the semiconductor structure can be selected from
either a metal-polar or an oxygen-polar growth along the
growth direction 7101, for example, for one or more super-
lattices formed of group III metal oxide materials. Depend-
ing on the crystal polarity of the semiconductor structure, at
least a portion of the i-type active region 7150 can be further
selected to optimize the optical emission. For example, a
metal-polar oriented growth along the growth direction
7101, can be used to form a superlattice in the i-type active
region of an n-i-p stack (e.g., comprising alternating layers
of polar Al Ga,_,0; and Al Ga, O, materials). As the
n-type active region in an n-i-p stack is formed closest to the
substrate, the i-type active region can have a linearly
increasing depletion field across it spanning the distance
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between the n-type active region and the p-type active
region. The i-type active region superlattice can then be
subjected to yet a further electric field due to the built-in
depletion field of the n-i-p stack. Alternatively, the built-in
depletion field across the i-type active region can be gener-
ated in other configurations. For example, the stack can be
a p-i-n stack with the p-type active region 7160 closest to the
substrate and/or grown using oxygen-polar crystal growth
orientation along 7101.

The depletion field across the depletion region of a p-n
stack or the i-type active region 7150 of a p-i-n stack can
also partially set an optical emission energy and emission
wavelength of the optoelectronic device. In some embodi-
ments, one or both of the first layer 7152A and the second
layer 7152B in each unit cell in the i-type active region is
undoped or not intentionally doped. In some embodiments,
the i-type active region 7150 has a thickness less than or
equal to 5 pm, less than or equal to 1 pm, less than or equal
to 100 nm, greater than or equal to 1 nm, or from 1 nm to
5 um, or from 100 nm to 3 um. The i-type active region can
have a lateral width selected from the range of 1 nm to
approximately 10 pm, from 10 nm to 1 pum, or larger than m.

The total thickness of the i-type active region 7150 can be
selected to further tune the depletion field strength across the
i-type active region 7150 between the p-type active region
7160 and the n-type active region 7140. Depending upon the
crystal growth polarity, the width and the effective electron
and hole carrier concentrations of the n-type active region
7140 and the p-type active region 7160, the depletion field
strength will provide either a blue-shift or a red-shift in the
emission energy or wavelength of the light emitted from the
i-type active region.

The p-type active region 7160 provides p-type conduc-
tivity. In some embodiments, one or both of the first layer
7162 A and the second layer 7162B in each unit cell 7162 in
the p-type active region is doped with, or formed of, a
dopant material, such as the materials described above.
Some examples of materials comprising the p-type active
region 7160 are (Al Ga, _,),0; where Osx=1; (Al Ga, ) O,
where O=x=1, l=y=3, and 2=<z=4; NiO; Mg/Zn, ),
(AL Ga,_ ), 05, where Osxs<l, Osys<l and Oszsl;
Mg Ni,_).(ALGa,_,),,_,O;_,, where O=x<l, O<y=l and
O=<z=l; MgAl,0,; ZnGa,0,; Mg, Zn Ni,_, )
(Al Ga, ),0, where O=x<l, O<y=l (e.g, (Mg,/Zn, )
(Al),0,), or (Mg)(ALGa,_,),0,); (Al,Ga,_,),(S1.Ge,_,)Os
where O=x=<1 and 0=z<l; (Al Ga,_,),LiO, where O=x=l;
and (Mg,Zn,_,_Ni ),GeO, where O=x<l, Osy=l, doped
with an acceptor material, as described herein.

In some embodiments, the first layer and the second layer
of each of the plurality of unit cells in each of the one or
more superlattices in the semiconductor structure are com-
posed of different compositions of (Al Ga,_,),0O; where
O=x=1 or (Al,Ga,_,), 0, where O=xsl, 1<y<3, and 2sz<4.
For example, the first layers can be composed of AlO, or a
first composition of (Al Ga, ), O,, and the second layers
can be composed of GaO, or a second composition of
(Al,Ga,_,),0O,. However, it should be appreciated that the
first and second layers in each of the one or more superla-
ttices can be composed of any of the materials specified
above.

In some embodiments, the average alloy content, for
example the average Al fraction and/or Ga fraction of the
superlattices described above, of the one or more superlat-
tices is constant. In alterative embodiments, the average
alloy content of one or more of the one or more superlattices
is non-constant.



US 11,621,329 Bl

113

In some embodiments, the average alloy content of the
unit cells is the same in all superlattices of the semiconduc-
tor structure 7114 and/or stack 7100, but the period is
changed between superlattices and/or within superlattices.
Maintaining a constant average alloy content enables the
growth of dissimilar superlattices without the constituent
layers relaxing (e.g., without the constituent layers forming
misfit dislocations). Such growth of each unit cell enables
large numbers of periods to be formed without an accumu-
lation of strain. For example, using a specific period of the
superlattice for an n-type active region 7140 can make the
n-type active region 7140 more transparent to a wavelength
of the emitted light (e.g., if the period in the superlattice of
the n-type active region is larger than that of the superlattice
in the i-type active region). In another example, using a
different period for the i-type active region 7150, would
cause the light to be emitted vertically, i.e., in a same plane
as the growth direction 7101 because the emitted photon will
be generated with a smaller energy than the effective band-
gap of the surrounding p- and n-type regions.

In some embodiments, the one or more superlattices have
a constant average alloy content and an optical emission that
is substantially perpendicular to the plane of the superlattice
layers. For example, a vertically emitting device can be
formed using superlattices with layers of (Mg, Zn,_.).
(ALGa,_),_O5_,,, where Os=x<l, Osy=l and Oszs<l;
(Mg, Ni,_),(Al,Ga,_,),_y0;_,,, where O=x=<1, O<y=<1 and
O=<z=l; and/or (Al Ga, ),0;, where Os=x<l; and/or
(AlLGa,_,) O, where O=x<l, l=<y=3, and 2=z<4. In yet
another embodiment, a plurality of or all of the one or more
of the superlattices are constructed from unit cells compris-
ing first and second compositions of (Al Ga,_,),0; where
O=x=<1, or (AL, Ga,_,) O, where O<x=l, 1=y<3, and 2<z=<4,
or Al,O; and Ga,Qj;, thereby enabling an improved growth
process that is optimized at a single growth temperature for
only two materials.

Doping may be incorporated into the n-type active region
and/or p-type active region of the one or more superlattices
in several ways. In some embodiments, doping is introduced
into just one of the first layer and the second layer in each
unit cell. For example, Si can be introduced into
(AL Ga,_,),0;, where Osx=l (or (AlLGa, )0, where
O=x=1, 1=y=3, and 2=<7=4) in the second layer of the unit
cell to create an n-type material; or Li can be introduced into
(AlLGa,_,),0;, where O=xs<l (or (Al,Ga, ) O, where
O=x=1, 1=y=3, and 2=<7=4) in the second layer of the unit
cell to create a p-type material. The other combinations of
epitaxial oxide materials with donor or acceptor dopants that
are described herein can also be used in the n-type active
region or p-type active region of the one or more superlat-
tices. In alternative embodiments, doping can be introduced
into more than one layer/material in each unit cell and the
dopant material can be different in each layer of the unit cell.
In some embodiments, the one or more superlattices include
a uniaxial strain or a biaxial strain to modify a level of
activated doping.

While a single superlattice is shown in FIG. 116A for each
region of the semiconductor structure, it should be appreci-
ated that each region may include more than one superlattice
stacked atop one another. For example, the n-type active
layer 7140 can include a first superlattice wherein respective
layers in each unit cell have a first set of material compo-
sitions and a first period and a second superlattice grown on
the first super lattice wherein the respective layers in each
unit cell have a second set of material compositions and a
second period, where the first set of material compositions
is different than the second set of material compositions,
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and/or where the first period is different than the second
period. In some embodiments, the stack 7100 can comprise
a single superlattice comprising one or more of the buffer
superlattice 7130, the n-type active region 7140, the i-type
active region 7150 and the p-type active region 7160.

In some cases, superlattices are entirely periodic, meaning
that each unit cell of the respective superlattice has the same
structure. For example, each unit cell of the respective
superlattice has the same number of layers, the same layer
thicknesses and the same material compositions in respec-
tive layers.

In some embodiments, multilayer structures can be
formed that are aperiodic, meaning that the multilayer
structure is not composed entirely of repeating unit cells of
the same structure. For example, a multilayer structure can
contain epitaxial oxide materials where the materials chosen
for each of the layers, the thicknesses of the layers, and/or
other design features of the multilayer structure vary
throughout the multilayer structure.

Each of the regions in the structures described herein
(e.g., in stack 7100 in FIG. 116 A) can contain superlattices
or multilayer structures with varying properties, and accord-
ingly, they may have a different structure to achieve different
electronic and optical properties. Thus, one region can
contain a superlattice, while other regions can contain mul-
tilayer structures with varying properties. In addition, all of
the regions in a stack 7100 can be superlattices, or all of the
regions can be multilayer structures with varying properties.
In yet another embodiment, one or more regions can contain
superlattices can be periodic, while one or more regions
contain multilayer structures with varying properties. For
example, the buffer region can contain a multilayer structure
with varying properties (e.g., having a monotonically chang-
ing average composition) to assist in lattice matching the
materials of the other regions of the structure with the
material of the substrate.

In some cases, the p-type contact layer 7170 (also known
as a hole injection layer) is formed on top of the p-type
active region of the one or more superlattices. A first contact
layer 7180 is formed on the p-type contact layer 7170, such
that the p-type contact layer 7170 is formed between the first
contact layer 7180 and the p-type active region 7160. In
some embodiments, the first contact layer 7180 is a metal
contact layer. The p-type contact layer 7170 aids an electri-
cal ohmic contact between the p-type active region 7160 and
the first contact layer 7180. In some embodiments, the
p-type contact layer 7170 is made from p-type
Mg Ni,_).(ALGa,_ ), ,O5_,,, where O=x<1, O<y=<l and
0=z=l; or (Al Ga,_,),0;, where Osx=<l (e.g., doped with
Li); or (Al Ga,_,),[i0, where 0=x=<1; and has a thickness of
between 5 nm and 200 nm, or between 10 nm and 25 nm.
The thickness of the p-type contact layer 7170 can be
optimized to reduce the optical absorption at a specific
optical wavelength and/or to make the p-type contact layer
7170 optically reflective to an emission wavelength of the
stack 7100. In other cases, the p-type contact layer 7170 can
be omitted from semiconductor structure 7114. For example,
the first contact layer 7180 can make contact directly with
the p-type active region 7160.

The first contact layer 7180 enables the stack 7100 to be
connected to a positive terminal of a voltage source. In some
embodiments, the first contact layer 7180 has a thickness of
between 10 nm and several thousand nanometers, or
between 50 nm and 500 nm.

A second contact layer (not shown) is formed on the
n-type active region 7140 (or in some cases to the substrate
7110, or to a layer in the buffer region 7112) to connect to
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a negative terminal of a voltage source. In some embodi-
ments, the second contact layer has a thickness of between
10 nm and several thousand nanometers, or between 50 nm
and 500 nm.

In some embodiments, the semiconductor structure can be
inverted with respect to the semiconductor structure 7100 in
FIG. 116A, and the p-type layer can be closer to the substrate
than the n-type layer. In such cases, the second contact (for
the n-type region) would be at the top of the structure
(opposite the substrate), and the first contact (for the p-type
region) could be formed on the p-type active region (or to
the substrate, or to a layer in the buffer region).

The first contact layer 7180 and the second contact layer
may be made from any suitable metal. In some embodi-
ments, the first contact layer 7180 is made from a high work
function metal to aid in the formation of a low ochmic contact
between the p-type active region 7160 and the first contact
layer 7180. If the work function of the first contact layer
7180 is sufficiently high, then the optional p-type contact
layer 7170 may not be required. For example, if the substrate
is transparent and insulating, the light emitted by the semi-
conductor structure is directed substantially out through the
substrate and the p-type active region 7160 is disposed
further from the substrate than the n-type active region 7140,
then the first contact layer 7180 can have high optical
reflectance at the operating wavelength, so as to retroreflect
a portion of the emitted light back through the substrate. For
example, the first contact layer 7180 can be made from
metals selected from Nickel (Ni), Osmium (Os), Platinum
(Pt), Palladium (Pd) and Iridium (Ir). Especially, for deep
ultraviolet (DUV) operation in which the stack 7100 emits
DUV light, the first contact layer 7180 may not in general
fulfill the dual specification of low p-type ohmic contact and
high optical reflectance. High work function p-type contact
metals for epitaxial oxide materials can be poor DUV
wavelength reflectors. Platinum (Pt), Iridium (Ir), Palladium
(Pd) and Osmium (Os) are examples of high work function
p-type contact metals to some of the epitaxial oxide
compositions and  superlattices described  herein
(e.g, MgZn, ). (ALGa, )y Os 5., where Osxsl,
O<y=l and O<z<1; (Mg, Ni,_,),(ALGa,_,),_,,O;_,,, where
O=x<1, O<y=1 and O0=z<1; or (Al Ga,_,),0O;, where O=x=<1).

In some cases, for ultraviolet and DUV operation of the
stack 7100, aluminium can be used as the contact metal, as
it has the highest optical reflectance over a large wavelength
range spanning from 150 nm to 500 nm. In general, metals
can be used as DUV optical reflectors due to the low
penetration depth and low loss of light into the metal. This
enables optical microcavity structures to be formed. Con-
versely, relatively medium work function metals, such as
Aluminium (Al), Titanium (Ti) and Titanium Nitride (TiN)
can be utilized to form low ohmic metal contacts to n-type
group III metal oxide compositions and superlattices (e.g.,
see FIG. 55 where the extrema for creating p-type and n-type
electrical contacts are shown).

It should be appreciated that the stack 7100 shown in FIG.
116A is an example of a semiconductor structure for an
optoelectronic device, and that the stack 7100 may be made
in many other ways. For example, the n-type active layer
7140 and the p-type active layer 7160 may be reversed such
that the p-type layer 7160 is grown first. It should also be
noted that the buffer layer 7120 and/or the buffer superlattice
7130 are optional layers, and the one or more superlattices
can be grown directly on the substrate 7110. However, it is
generally advantageous to grow the one or more superlat-
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tices on the buffer layer 7120 and/or buffer superlattice
7130, as the resulting material quality of the structure will be
improved.

In some embodiments, the buffer region and the adjacent
p-type or n-type active region are part of the same superla-
ttice with the only difference between the buffer region and
the p-type or n-type active region being the incorporation of
an impurity dopant in the p-type or n-type active region. In
some embodiments, a first superlattice is grown upon the
substrate with a sufficient thickness to render the superlattice
in a substantially relaxed or free-standing state with a low
defect density and a preselected in-plane lattice constant.

In another embodiment, the stack 7100 may be fabricated
without an i-type active layer 7150 such that the stack forms
a p-n junction rather than the p-i-n junction of FIG. 116A.
Furthermore, it should be appreciated that p-type contact
layer 7170 is optional, and the first contact layer 7180 may
be grown directly on the p-type active region 7160 of the one
or more superlattices. However, in some cases it may be
more difficult to fabricate the first contact layer 7180 directly
on the p-type active region 7160 using conventional ex-situ
fabrication techniques. For example, a thin but heavily
doped p-type contact layer 7170 enables easier and more
consistent post epitaxial process for metallization to achieve
an ohmic contact. However, an in-situ metallization process
directly onto a final epitaxial surface of the p-type active
region 7160 that is free of contamination provides an
alternate means for formation of the first contact layer 7180.

In some embodiments, the one or more superlattices are
grown sequentially during at least one deposition cycle. That
is, in some cases, dopants are introduced during epitaxy via
a process of co-deposition. An alternative method is to
physically grow at least a portion of the one or more
superlattices without a dopant and then, post-growth, intro-
duce the desired dopant. For example, in some embodi-
ments, materials for the p-type region are deposited as the
final sequence of the fabrication of the stack (e.g., without
a co-deposited p-type dopant), and a post-growth method for
incorporating a p-type dopant introduced from a surface can
then be used to provide p-type conductivity to the p-type
region. For example, ion-implantation and diffusion (e.g.,
via a spin-on dopant), followed by activation thermal
anneals can be used to dope one or more layers in a
post-growth process.

The semiconductor structure 7114 can be grown with a
polar, non-polar or semi-polar crystal polarity oriented along
the growth direction 7101. For example, a polar epitaxial
oxide material (e.g., (Al Ga, _,),0; with O=x=<1 and a pna21
space group) can be grown which is oriented with the
polarization axis being substantially perpendicular to the
growth direction. These polar crystals can be metal-polar or
oxygen-polar along a crystal direction parallel to the growth
direction 7101.

Other growth plane orientations can also be achieved
resulting in semi-polar and even non-polar crystal growth
along the growth direction 7101. In one example, non-polar
crystal growth of (Al,Ga,_,),0O; can be formed on A-, R-, or
M-plane sapphire oriented surfaces. For example, a semi-
conductor structure can be formed of non-polar epitaxial
oxide materials (e.g., (Al,Ga,_,),0; with O=x=1 and a R3c,
C2m, Fd3m, or Ia3 space group).

In some cases with polar materials (e.g., k-Al,Ga,_,0,),
the crystal polarity can be reduced from a polar to a
semi-polar crystal along a growth direction, which can be
advantageous for the reduction of the spontaneous and
piezoelectric charges that are created at the heterojunctions
in the structure. In some cases, the internal polarization
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charges are managed by keeping the average alloy content
constant in each unit cell of the one or more superlattices. In
other cases, the average alloy content in any one unit cell or
superlattice varies from another, and a net polarization
charge can be accumulated. Therefore, in structures with
polar epitaxial oxide materials, the average alloy content in
unit cells between superlattices (or within a superlattice) can
be used advantageously to control the band edge energy
position in the one or more superlattices relative to the Fermi
energy.

In a further embodiment, a single superlattice structure is
used for n-type active region 7140, the i-type active region
7150, and the p-type active region 7160 and the superlattice
is strained via biaxial and/or uniaxial stresses to further
affect the desired optical and/or electronic tuning.

In some embodiments, the n-type active region 7140
comprises a total thickness from 50 nm to 5000 nm, or from
200 nm to 1000 nm, or from 300 nm to 500 nm, and a total
number of unit cells 7142 from 10 to 5000, or from 100 to
500, or from 150 to 350. The unit cells 7142 contain two
distinct substantially single crystal layers 7142A and 7142B,
one of which can be a barrier (e.g., a wider bandgap
(AlLGa,_,),0,) and one of which can be a well (e.g., a
narrower bandgap (Al,Ga,_,),0,). The barriers in the unit
cells 7142 can be from 1 monolayer (ML) to 20 ML, or from
2 ML to 12 ML, or from 4 ML to 8 ML thick. The wells in
the unit cells 7142 can be from 1 ML to 10 ML, or from 0.1
ML to 3 ML, or from 0.2 ML to 1.5 ML thick.

In some embodiments, the i-type active region 7150
comprises a total thickness from less than 1 nm to 2000 nm,
or from 10 nm to 2000 nm, or from 10 nm to 100 nm, or from
40 nm to 60 nm, and a total number of unit cells 7152 from
1 to 5000, or from 25 to 400, or from 10 to 100, or from 20
to 30. The unit cells 7152 contain two distinct substantially
single crystal layers 7152A and 7152B, one of which can be
a barrier (e.g., a wider bandgap (Al,Ga,_,),0,) and one of
which can be a well (e.g, a narrower bandgap
(AlLGa,_,),0,). The barriers in the unit cells 7152 can be
from 1 ML to 20 ML, or from 2 ML to 20 ML, or from 5 ML
to 10 ML thick. The wells in the unit cells 7152 can be from
1 ML to 10 ML, or from 0.1 ML to 2 ML, or from 0.2 ML
to 1.5 ML thick.

In some embodiments, the p-type active region 7160
comprises a superlattice (optionally with an approximately
constant average composition), and comprises a total thick-
ness from 20 nm to 5000 nm, or from less than 1 nm to 100
nm, or from 10 nm to 100 nm, or from 30 nm to 50 nm, and
a total number of unit cells 7162 from 1 to 5000, or from 1
to 7100, or from 1 to 10. The unit cells 7162 can contain two
distinct substantially single crystal layers 7162A and 7162B,
one of which can be a barrier (e.g., a wider bandgap
(AlLGa,_,),0,) and one of which can be a well (e.g., a
narrower bandgap (Al,Ga,_,),0,). The barriers in the unit
cells 7162 can be from 0 ML to 20 ML, or from 1 ML to 20
ML, or from 0 ML to 12 ML, or from 4 ML to 8 ML thick.
The wells in the unit cells 7162 can be from 1 ML to 10 ML,
or from 0.5 ML to 6 ML, or from 0.2 ML to 1.5 ML thick.

In some embodiments, the p-type active region 7160
comprises a superlattice with an average composition (or
average alloy content) that changes through the thickness of
the superlattice, and the p-type active region 7160 comprises
a total thickness from less than 1 nm to 100 nm, or from 10
nm to 100 nm, or from 10 nm to 30 nm, and a total number
of unit cells 7162 from 1 to 50, or from 1 to 20, or from 5
to 15. The unit cells 7162 contain two distinct substantially
single crystal layers 7162A and 7162B, one of which can be
a barrier (e.g., a wider bandgap (Al,Ga,_,),0,) and one of
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which can be a well (e.g, a narrower bandgap
(AlGa,_,),0,). In the embodiments where the average
composition changes through the thickness of the superlat-
tice, the starting and ending thickness of the barriers and/or
the wells in unit cells 7162 can be different. In such cases,
the starting thickness of the barriers (e.g., a wider bandgap
(Al,Ga,_,),0,) in the unit cells 7162 can be from 2 ML to
8 ML, or from 3 ML to 5 ML,; the starting thickness of the
wells (e.g., a narrower bandgap (Al Ga,_ ) O,) in the unit
cells 7162 can be from 0.0 ML to 2 ML, or from 0.2 ML to
0.3 ML; the ending thickness of the barriers (e.g., a wider
bandgap (Al,Ga,_,),0,) in the unit cells 7162 can be from
0 ML to 8 ML, or from 3 ML to 5 ML; and the ending
thickness of the wells (e.g., a narrower bandgap
(Al,Ga,_,),0,) in the unit cells 7162 can be from 4 ML to
20 ML, or from 5 ML to 10 ML. Some of the preceding
ranges contain layers with thicknesses of 0 ML.. These cases
describe situations where the starting and/or ending thick-
ness of the barriers and/or wells is 0 ML, meaning that the
unit cell at the start or the end of the superlattice contains
only one layer, either a barrier or a well.

FIG. 116B is a diagram showing a sectional view of a
semiconductor structure (or stack) 7100B for an optoelec-
tronic device according to some embodiments. The layers in
stack 7100B are the same as those in stack 7100 shown in
FIG. 116A, except that the p-type active region 7160 does
not include a superlattice in stack 7100B. The p-type active
region 7160 can be a layer with an approximately constant
or varying composition through the layer.

FIG. 116C is a diagram showing a sectional view of a
semiconductor structure (or stack) 7100C for an optoelec-
tronic device according to some embodiments. The layers in
stack 7100C are the same as those in stack 7100 shown in
FIG. 116 A, except that the n-type active layer 7140 does not
include a superlattice in stack 7100C. The n-type active
layer 7140 can be a layer with an approximately constant or
varying composition through the layer.

In other embodiments, the semiconductor structures with
one or more (optionally adjacent) epitaxial oxide superlat-
tices described herein can have fewer regions than shown in
structures 7100, 7100B and 7100C. For example, a semi-
conductor structure can comprise an n-type region similar to
n-type region 7140, adjacent to a p-type region similar to
p-type active region 7160, to form a p-n junction (rather than
a p-i-n junction device as shown in structures 7100, 7100B
and 7100C).

In other embodiments, the semiconductor structures with
one or more (optionally adjacent) epitaxial oxide superlat-
tices described herein can have the regions 7140, 7150, and
7160 described above arranged to form n-i-n, p-i-p, n-p-n,
and p-n-p semiconductor structures. For example, the semi-
conductor structure can be an n-p-n vertical transistor struc-
ture formed using an n-type region similar to n-type region
7140, adjacent to a p-type region similar to p-type region
7160, adjacent to an n-type region similar to n-type region
7140.

In some cases, the epitaxial oxide superlattices in buffer
region 7130, n-type active region 7140, i-type active region
7150, and/or p-type region 7160 can be composed entirely
of unit cells with a first layer of (Al Ga,_,),0; where O=x=1,
and a second layer of Ga,O; or Al,O,. For example, the
buffer region 7130, n-type active region 7140, i-type active
region 7150, and the p-type region 7160 can be composed of
unit cells with a first layer of (Al Ga, _,),0; where x is about
0.5, and a second layer of Ga,O;. In this example, the period
of the unit cells (or the width of the Ga,O; wells) could be
longer in the i-type active region 7150 than the other regions
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such that the other regions would be transparent (or have low
optical absorption) to light emitted by the i-type active
region 7150. In another example, the buffer region 7130,
n-type active region 7140, and i-type active region 7150 can
be composed of unit cells with a first layer of (Al Ga, _,),O,
where x is about 0.5, and a second layer of Al,O;. In this
example, the period of the unit cells (or the width of the
(Al Ga,__),0; wells) could be longer in the i-type active
region 7150 than the other regions such that the other
regions would be transparent (or have low optical absorp-
tion) to light emitted by the i-type active region 7150. In
some cases of the above examples, the ratio of the first layer
to the second layer of the unit cells would be maintained
constant throughout adjacent superlattices and as a result the
average alloy composition (or Al fraction) of the adjacent
superlattices is also constant.

FIG. 117 is a diagram showing a sectional view of a
semiconductor structure (or stack) 7200 for an optoelec-
tronic device according to an embodiment of the present
semiconductor structures with one or more superlattices
containing an epitaxial oxide material. The layers in stack
7200 are the same as those in the stack 7100 of FIG. 116A,
except that the buffer region of stack 7200 does not comprise
one or more superlattices (i.e., 7130 in FIG. 116A). The
buffer layer 7120 can be a layer with an approximately
constant or varying composition through the layer.

In some cases, the structures 7100, 7100B, 7100C and
7200 can be p-i-n structures, as described above, with band
diagrams similar to those shown in FIG. 99 or 100.

FIG. 118 is a diagram showing a sectional view of an
optoelectronic device 7300 according to an embodiment of
the present semiconductor structures with one or more
superlattices containing an epitaxial oxide material. The
optoelectronic device 7300 contains layers that are the same
as or similar to the layers of stacks 7100, 71008, 7100C and
200 of FIGS. 116 A-116C and 117. The optoelectronic device
7300 comprises a substrate 7110 on which a buffer layer
7120 and a semiconductor structure 7114 are formed. The
semiconductor structure 7114 comprises, in growth order, an
n-type active region 7140, an i-type active region 7150 and
a p-type active region 7160. An optional p-type contact layer
7170 is formed on the p-type active region 7160 and a first
contact layer 7180 is formed on the p-type contact layer
7170.

In the embodiment shown in FIG. 118, the i-type active
region 7150, the p-type active region 7160, p-type contact
layer 7170 and the first contact layer 7180 form a mesa on
the n-type active region 7140. The mesa shown in FIG. 118
has straight sidewalls. However, in alternative embodi-
ments, the mesa can have angled side walls. The device 7300
further comprises a second contact layer 7382 formed on the
n-type active region 7140. In some embodiments, the second
contact layer 7382 forms a ring or loop around the mesa. The
second contact layer 7382 enables a negative terminal of a
voltage source to be connected to the n-type active region
7140. The second contact layer 7382 can be composed of
any metal, for example, the low work function n-type
contact metals described with respect to stack 7100 in FIG.
116A. The device 7300 further comprises a passivation layer
7390 that covers the exposed or physically etched layers of
the one or more superlattices. The passivation layer 7390 is
preferably made of a material (e.g., Al,O,, LiF or MgF)
having a wider band gap than the exposed or physically
etched layers that it covers. The passivation layer 7390
reduces current leakage between the layers of the one or
more superlattices.
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The device 7300 can be operated as a vertically emissive
device or a waveguide device. For example, in some
embodiments, the optoelectronic device 7300 can behave as
a vertically emissive device with light out-coupled from the
interior of an electron-hole recombination region of the
i-type active region 7150 through the n-type active region
7140 and the substrate 7110. In some embodiments, light
propagating upwards (in the growth direction) in the opto-
electronic device 300 is also retroreflected, for example,
from the first contact layer 7180.

FIG. 119 is a diagram showing a sectional view of an
optoelectronic device 7400 according to an embodiment of
the present semiconductor structures with one or more
superlattices containing an epitaxial oxide material. The
optoelectronic device 7400 is similar to the optoelectronic
device 7300 of FIG. 118. However, the optoelectronic
device comprises a first lateral contact 7486 and a second
lateral contact 7484.

The first lateral contact 7486 extends partially into the
p-type active region 7160 from the first contact layer 7180.
In some embodiments, the first lateral contact 7486 is an
annular shaped protrusion extending from the first contact
layer 7180 into in the p-type active region 7160 and (where
applicable) the p-type contact layer 7170. In some embodi-
ments, the first lateral contact 7486 is made from the same
material as the first contact layer 7180 (e.g., the high work
function p-type contact metals described with respect to
stack 7100 in FIG. 116A).

The second lateral contact 7484 extends partially into the
n-type active region 7140 from the second contact layer
7482 formed on a surface of the n-type active region 7140.
In some embodiments, the second lateral contact 7484 is an
annular shaped protrusion extending into in the n-type active
region 7140 from the second contact layer 7382. In some
embodiments, the second lateral contact 7484 is made from
the same material as the second contact layer 7382 (e.g., the
low work function n-type contact metals described with
respect to stack 7100 in FIG. 116A) to improve electrical
conduction between the n-type active region 7140 and the
second contact layer 7382.

In some embodiments, the first lateral contact 7486 and
the second lateral contact 484 contact a plurality of narrower
bandgap layers of the one or more superlattices in the
semiconductor structure, and therefore couple efficiently for
both vertical transport of charge carriers perpendicular to the
plane of the layers and parallel transport of charge carriers
parallel to the plane of the layers. In general, carrier trans-
port in the plane of the layers achieves higher mobility than
carrier transport perpendicular to the plane of the layers.
However, efficient transport perpendicular to the plane of the
layers can be achieved by using thin wider bandgap layers
to promote quantum mechanical tunnelling. For example, in
a superlattice comprising alternating layers of wider and
narrower bandgap (Al Ga,_ ) O,, it is found that electron
tunnelling between adjacent allowed energy states in each
narrower bandgap layer is enhanced when the interposing
wider bandgap layers have a thickness of less than or equal
to 10 ML, less than or equal to 4 ML, or less than or equal
to 2 ML. Holes on the other hand, and in particular the
heavy-holes, have a tendency to remain confined in their
respective narrower bandgap layers and be effectively
uncoupled by tunnelling through the wider bandgap layers,
which act as barriers, when the wider bandgap layers have
thicknesses of 4 ML of greater, 2 ML or greater, or 1 ML or
greater.

In some embodiments, the first lateral contact 7486, and
the second lateral contact 484 improve electrical conductiv-
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ity between the first contact layer 7180 and the p-type active
region 7160, and between the second contact layer 7482 and
the n-type active region 7140, respectively, by making use of
a superior in-plane carrier transport compared to a vertical
transport across the layer band discontinuities of the super-
lattice. The first lateral contact 7484 and the second lateral
contact 7486 can be formed using post-growth patterning
(e.g., using photolithography, etching, and metal deposition
techniques such as evaporation or sputtering) and production
of 3D electrical impurity regions to discrete depths (e.g.,
using photolithography and ion implantation).

FIG. 120 is a diagram showing a sectional view of an
optoelectronic device 7500 according to an embodiment of
the present semiconductor structures with one or more
superlattices containing an epitaxial oxide material. The
optoelectronic device 7500 is similar to the optoelectronic
device 7400 of FIG. 119, except that the optoelectronic
device 7500 does not include a p-type contact layer 7170 and
the first lateral contact 7486 is surrounded by an enhance-
ment layer 7588, such as a layer of p-type (Al,Ga,_,) O,
between the first lateral contact 7486 and the p-type active
region 7160. The enhancement layer 7588 can improve an
ohmic connection between the p-type active region 7160 and
the first contact layer 7180. The enhancement layer 7588 can
be created by selective area regrowth upon a patterned
surface of the p-type active region 7160.

FIG. 121 is a diagram showing a sectional view of an
optoelectronic device 7600 according to an embodiment of
the present semiconductor structures with one or more
superlattices containing an epitaxial oxide material. The
optoelectronic device 7600 is similar to the optoelectronic
device 7500 of FIG. 120. However, the first contact layer
7680 is annular shaped and a reflector layer 7692 is provided
to improve the out-coupling of the optical energy generated
within the semiconductor structure. The reflector layer 7692
is positioned atop the optoelectronic device 7600 to sub-
stantially retroreflect emitted light from the interior of the
optoelectronic device 7600.

In some embodiments, the passivation layer 7390 is also
provided within the annulus formed by the first contact layer
7680, and the reflector 7692 is formed atop of the passiva-
tion layer 7390. In alternative embodiments, the reflector
7692 may be formed on top of the p-type active region 7160,
or, if present, the p-type contact layer 7170.

FIG. 122 is a diagram showing a perspective view of an
optoelectronic device 7700 according to an embodiment of
the present semiconductor structures with one or more
superlattices containing an epitaxial oxide material. The
optoelectronic device 7700 is similar to the optoelectronic
device 7600 of FIG. 121. However, the optoelectronic
device 7700 comprises a buffer region superlattice 7130 and
the passivation layer 7390 is not shown. The first contact
layer 7680 and the reflector layer 7692 are shown above the
p-type active region 7160 on the mesa. The second contact
layer 7382 is formed on the buffer region superlattice 7130
as a ring around the mesa.

FIG. 123 is a diagram showing a sectional view of an
optoelectronic device 7800 according to an embodiment of
the present semiconductor structures with one or more
superlattices containing an epitaxial oxide material. The
optoelectronic device 7800 is similar to the optoelectronic
device 7600 of FIG. 121. However, the optoelectronic
device 7800 does not comprise the enhancement layer 7588
that is present in optoelectronic device 7600 of FIG. 121.

As shown in FIG. 123, upon application of an external
voltage and current source between the first contact layer
7680 and the second contact layer 7382, holes 7802 are
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injected into the p-type active region and combine, for
example at point 7808, with electrons 7804 injected into the
n-type active region 7140. The injected electrons 7804 and
holes 802 recombine advantageously in the electron-hole
recombination (EHR) region 7809 that is substantially con-
fined spatially within the i-type active region 7150. The
EHR region 7809 generates photons via electron-hole
recombination with an energy and optical polarization of the
photons dictated by the energy-momentum band structure of
the one or more superlattices. The EHR region 7809 can be
shapes other than what is shown in FIG. 123, for example,
the EHR region can be substantially planar, or be located
anywhere within the i-type active region 7150. As illustrated
in FIG. 123, the EHR emits photons 7806 A, 78068, 7806C,
7806D, in directions that can be classified as substantially in
the plane of the layers or vertically parallel to the growth
direction. Light can also propagate in other directions and
can propagate in a non-trivial way within the structure. In
general, light generated with a propagation vector that is
substantially vertical and within an escape cone (determined
by the angle of total internal reflection and thus the refractive
index of the materials in the structure) will be the major
source of photons that can be out-coupled vertically through
the transparent substrate 7110. Photons 7806 A are emitted in
a generally vertical direction and in the same direction as the
growth direction 7101 shown in FIG. 116 A. Photons 78068
are emitted in a generally vertical direction and in an
opposite direction to the growth direction 7101. Photons
7806C and 7806D are emitted in a generally horizontal
direction, parallel to the layers of the device, for example,
parallel to the plane of the layers of the i-type active region
7150.

In the embodiment shown in FIG. 123, some of the
photons 7806 A are reflected off the optical reflector 7692
and can then exit the light emitting device 7800 through the
substrate 7110. It should be appreciated that with the addi-
tion of suitable mirrors (not shown) or an advantageous
optical cavity and refractive index discontinuity between the
substrate and i-type active region, the device may therefore
be modified to produce a microcavity LED or laser or a
superluminescent LED. Superluminescence is found to
improve the extraction efficiency of light by limiting the
number of optical modes available for the generated light to
couple into. This effective optical phase space compression
can improve selectivity of the device for advantageous
vertical emission. An optical cavity can be formed using the
total optical thickness formed by the buffer layer 7120, the
n-type active region 7140, the i-type active region 7150 and
the p-type active region 7160. If the optical cavity is formed
between the reflector 7692 and the substrate 7110 and the
thickness of the optical cavity along the growth direction is
less than or equal to one wavelength of the emission
wavelength, then the cavity is a microcavity. Such a micro-
cavity possesses the properties necessary to create superlu-
minescence and stable wavelength operation imposed by the
optical cavity mode wavelength. In some embodiments of
the present semiconductor structures, an emission wave-
length the EHR region 7809 is equal to the lowest order
wavelength cavity mode of the microcavity and superlumi-
nescence is achieved. A second optical reflector (e.g., a
distributed Bragg reflector (DBR)) can also be included
within the buffer layer 7120 (or within the buffer region 7112
of the structures shown in FIGS. 116A-116C).

In some embodiments, a transparent region (e.g., the
n-type active region 7140) is provided between the i-type
active region (where light is emitted) and the buffer layer
7120 and the substrate 7110, and the buffer layer 7120 is
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transparent to optical energy emitted from the device. The
optical energy is coupled externally through the transparent
region, the buffer layer 7120 and the substrate 7110. Photons
7806C, 7806D are emitted in a generally horizontal direc-
tion, parallel to the layers of the device, for example, parallel
to the plane of the layers of the p-type active region 7160.

In some embodiments, the optoelectronic device emits
light having a substantially transverse magnetic optical
polarization with respect to the growth direction. In such
cases, the optoelectronic device can operate as an optical
waveguide with light spatially generated and confined along
a direction substantially parallel to the plane of the one or
more layers of the unit cells of the one or more superlattices
of the semiconductor structure.

In some embodiments, the optoelectronic device emits
light having a substantially transverse electric optical polar-
ization with respect to the growth direction. In such cases,
the optoelectronic device can operate as a vertically emitting
cavity device with light spatially generated and confined
along a direction substantially perpendicular to the plane of
the one or more layers of the unit cells of the one or more
superlattices of the semiconductor structure. The vertically
emitting cavity device can have a vertical cavity disposed
substantially along the growth direction and formed using
reflectors (e.g., metallic reflectors) spatially disposed along
one or more portions of the semiconductor structure. The
reflectors can be made from a high optical reflectance metal.
In some cases, the cavity defined by the optical length
between the reflectors is less than or equal to a wavelength
of the light emitted by the device. The emission wavelength
of the optoelectronic device of such devices can be deter-
mined by the optical emission energy of the one or more
superlattices comprising the semiconductor structure and
optical cavity modes determined by the vertical cavity.

FIG. 124 shows schematically an example of the atomic
forces (or stresses) 73210 and 73220 present in a structure
73200 comprising two unit cells 73270 and 73280. Each unit
cell comprises two layers and each of the two layers is
formed of a dissimilar material, for example, first layers
73230 and 73250 can be wider bandgap (Al Ga, ) O,
layers and second layers 73240 and 73260 can be narrower
bandgap (AL Ga,_,) O, layers. The layers are formed by
epitaxial deposition of crystals, which are elastically
deformed due to the dissimilar crystal lattice constants in
each adjacent layer. The balancing of the stresses between
the layers in the structure between compressive stress 73220
and tensile stress 73210 can be beneficial for producing
multilayer structures with high crystal quality (e.g., low
concentrations of point defects and dislocations). Continu-
ing with the example above, the narrower bandgap
(AlLGa,_,),0, has a lower Al content and a smaller lattice
constant (in a relaxed state), which would cause it to be in
tensile stress as shown in structure 73200. On the other hand,
the wider bandgap (Al Ga, ,),0, has a higher Al content
and a larger lattice constant (in a relaxed state), which would
cause it to be in compressive stress as shown in structure
73200.

In another example, structure 73200 could be a region of
a semiconductor structure grown on an alpha-Ga,O; sub-
strate (not shown), layers 73230 and 73250 can be alpha-
(Al sGa, 5),05, and layers 73240 and 73260 can be LiAlO,.
Alpha-(Al, sGa, 5),0; has a smaller lattice constant than the
alpha-Ga,O, substrate and LiAlO, has a larger lattice con-
stant, which would cause the layers to have the stresses
73210 and 73220 shown in structure 73200.

Such a superlattice formed using lattice mismatched
materials, with each layer of each unit cell being formed
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with thickness below the CLT, can achieve high crystalline
perfection when formed with a sufficient number of periods.
In some cases, the strains are balanced (or close to balanced)
between the alternating layers in the structure and the initial
in-plane (strained) lattice constants are the same as the final
in-plane (strained) lattice constants. In some cases, the
strains can be unbalanced, and the structure can relax such
that the initial in-plane (strained) lattice constants are dif-
ferent from the final in-plane (relaxed) lattice constants. In
some cases, the final in-plane (relaxed) lattice constants are
mainly determined by the materials forming layers 73230,
73240, 73250 and 73260, with no or only a minor influence
from layer(s) beneath structure 73200 (e.g., a substrate). In
some cases, after a certain total thickness (e.g., after
approximately 10 to 100 periods) of superlattice growth the
final unit cells can attain idealized free-standing in-plane
lattice constants a SL. This is one example method of
forming a superlattice buffer 7130 as discussed in relation to
FIG. 116A.

In some embodiments of the present semiconductor struc-
tures with one or more superlattices containing an epitaxial
oxide material, each superlattice in the semiconductor struc-
ture has a distinct configuration that achieves a selected
optical and electronic specification.

In some cases, keeping an average alloy content in each
unit cell constant along the superlattice is equivalent to
keeping the in-plane lattice constant of the unit cell aHSL
constant. In such cases, the thickness of the unit cell can then
be selected to achieve a desired optical and electrical speci-
fication. This enables a plurality of distinct superlattices to
have a common effective in-plane unit cell lattice constant
and thus enables the advantageous management of strain
along a growth direction.

FIG. 125 schematically describes the influence of the
built-in depletion field 75130 having potential energy 75135
along a distance 75140 that is parallel to a growth direction
75110 in the semiconductor structures with one or more
superlattices containing epitaxial oxide materials described
herein. The superlattice band diagram without a built-in
depletion field is shown as the spatial conduction band edge
75115, and the vertical axis 75105 represents energy. The
delocalized electron wavefunction 75120 is coupled
between adjacent low bandgap polar k-(Al Ga, _,),0; (with
a Pna21 space group) regions by virtue of quantum mechani-
cal tunnelling through the high potential energy high band-
gap polar k-(Al,Ga,_,) O, barriers. For example, the low
bandgap polar k-(Al Ga,_,) O, can have a bandgap from
about 5.5 eV to 6 eV and the high bandgap polar
K-(Al,Ga,_,) 0, can have a bandgap from about 7 eV to 8
eV (where the Al composition, x, is lower for the lower
bandgap region and higher for the higher bandgap region).
Other bandgaps are possible for the low and high bandgap
polar k-(Al,Ga,_,) O, regions. The internal pyroelectric and
piezoelectric fields are also shown and representative of a
metal polar oriented growth of the polar k-(Al,Ga,_,) O,.
The tunnelling of the wavefunctions 75120 results in an
energy miniband 75125 for the allowed quantized conduc-
tion states. Application of a linearly increasing potential
75130, such as would occur with the built-in depletion field,
results in spatial band structure 75160. The resulting wave-
functions of the superlattice with application of the depletion
field 75130 generates the wavefunctions 75145 and 75155
which are no longer resonantly coupled to their nearest
neighbor low bandgap polar x-(AlGa,_,),0, potential
minima. The quantized allowed energy states of the band
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structure 75160 now has discrete energy states 75165 and
75170 that are higher in energy compared to the miniband
energy states 75125.

This effect can be modified by application of a depletion
electric field across an oxygen-polar oriented growth, with a
resulting lowering of the energy of Stark split states. This is
particularly useful for example, for an oxygen-polar p-i-n
superlattice device composed of only one unit cell type, such
as an M:N=3:6 unit cell having a low bandgap polar
K-(Al,Ga,_,) O, and a high bandgap polar k-(Al,Ga,_,),03
layer. The built-in depletion field across the superlattice
having M:N=3:6 unit cells causes an emission energy to be
stark shifted to longer wavelengths (i.e., red-shifted) and
will not be substantially absorbed in surrounding p-type and
n-type active regions having M:N=3:6 unit cells.

In general, a metal polar oriented growth of structures
comprising polar k-(Al,Ga,_,) 0O, produces blue-shift in the
emission spectrum of the i-type active region or i-type active
region of a n-i-p device due to a p-up epilayer stack. That is,
a blue-shift is produced for a depletion electric field as
shown for a device formed in the order: substrate, n-type
active region, i-type active region, p-type active region
[SUB/n-i-p]. Conversely, a red-shift is observed in the
emission spectrum of the i-type active region for a p-i-n
device formed as a p-down epilayer stack, that is,
[SUB/p-i-n].

An oxygen-polar oriented growth of structures compris-
ing polar k-(AlLGa,_,),O, produces a blue-shift in the emis-
sion spectrum of the i-type active region of a n-i-p device
due to the depletion electric field, and produces a red-shift
in the emission spectrum of the i-type active region of a p-i-n
device due to the depletion electric field.

The present semiconductor structures with one or more
superlattices containing an epitaxial oxide material provides
many benefits over the prior art, including improved light
emission, especially at UV and deep UV (DUV) wave-
lengths. For example, the use of ultrathin layered superlat-
tices enables photons to be emitted vertically, i.e., perpen-
dicular to the layers of the device, as well as horizontally,
i.e., parallel with the layers. Furthermore, the present semi-
conductor structures provide spatial overlap between the
electron and hole wavefunctions enabling improved recom-
bination of electrons and holes.

In particular, for the application of UV optoelectronic
devices, compositions of (Al,Ga, ,) 0O, where O=x=I,
1=y=3, and 2=<7=4, prove extremely beneficial in serving as
the narrower band gap material and the wider bandgap
material.

The thickness of the first layer and second layer of the unit
cells of superlattices can be used to select the quantization
energy of electrons and holes and the coupling of electrons
in the conduction band. For example, in a superlattice
containing alternating narrower bandgap and wider bandgap
layers of (ALGa,_,) O,, the thickness of layers of narrower
bandgap (Al Ga,_,),0, can be used to select the quantiza-
tion energy of electrons and holes and the thickness of layers
of the wider bandgap (Al Ga,_,),0, layers can control the
coupling of electrons in the conduction band. The ratio of
thickness of the layers of the narrower bandgap
(AlLGa,_,),0, layers to the wider bandgap (Al,Ga,_,) 0,
layers can be used to select the average in-plane lattice
constant of the superlattice. Hence, the optical transition
energy of a given superlattice can be altered by choice of
both the average unit cell composition and the thickness of
each layer of each unit cell.

Further advantages of the present semiconductor struc-
tures with one or more superlattices containing an epitaxial
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oxide material include: simpler manufacturing and deposi-
tion processes; customizable electronic and optical proper-
ties (such as the wavelength of the emitted light) suitable for
high efficiency light emission; optimized optical emission
polarization for vertically emissive devices when deposited
on substrates with particularly oriented surfaces; improved
impurity dopant activation for n-type and p-type conductiv-
ity regions; and strain managed monolayers enabling opti-
cally thick superlattices to be formed without excessive
strain accumulation. For example, aperiodic multilayer
structures can be used to prevent strain propagation and
enhance optical extraction.

Furthermore, spreading out the electron and/or hole car-
rier spatial wavefunctions within the electron-hole recom-
bination regions can improve both the carrier capture prob-
ability by virtue of increased volume of the recombination
region, and also improves the electron and hole spatial
wavefunction overlap and thus improves the recombination
efficiency of the present devices over prior art.

Doped Superlattices

The present disclosure describes semiconductor structures
with one or more doped superlattices containing an epitaxial
oxide material. In some cases, the doped superlattice contain
host layers comprising an epitaxial oxide material, and an
impurity (or a dopant) layer comprising a donor (n-type), or
acceptor (p-type) impurity (or dopant) material. The impu-
rities can act as extrinsic dopants providing the doped
superlattice with an n-type or p-type conductivity.

For example, a present doped superlattice can be formed
by depositing (e.g., using molecular beam epitaxy (MBE), or
chemical vapor deposition (CVD)) alternating pairs of: a
first host epitaxial oxide semiconductor layer; and a thin
(e.g., less than 1 nm, or less than 10 nm, or 1 monolayer) first
impurity (or dopant) layer comprising an impurity (or dop-
ant) that can act as a donor (n-type), or acceptor (p-type)
material for the epitaxial oxide semiconductor of the host
layer.

In some cases, the impurity (or dopant) layer contains an
epitaxial oxide semiconductor and an extrinsic dopant (or
impurity). For example, a present impurity (or dopant) layer
can be formed by co-depositing (e.g., using molecular beam
epitaxy (MBE), or chemical vapor deposition (CVD)) an
epitaxial oxide semiconductor with a high concentration
(e.g., greater than 10"° cm™, greater than 10°° cm®, greater
than 10*! cm™>, or greater than 10*? cm™) of an impurity (or
dopant) that can act as a donor (n-type), or acceptor (p-type)
material.

In some cases, the n-type or p-type superlattices contain
polar epitaxial oxide materials, and the n-type or p-type
conductivity can be further induced via polarization doping
(e.g., due to a strain within the superlattice).

In some embodiments, the doped superlattices described
herein contain epitaxial oxide materials. For example, the
host layer can comprise an epitaxial oxide material. In
another example, the impurity layer can comprise an epi-
taxial oxide material with a high concentration of a dopant
material (e.g., a donor material or an acceptor material, such
as greater than 10'® cm™, greater than 10'° cm™, greater
than 10** cm™3, greater than 10! cm™>, or greater than 10*2
cm™).

In some embodiments, the epitaxial oxide material in the
doped superlattices described herein can be (Al Ga,_,),0;
where Osx<l; (Al Ga, ) O, where Osxsl, 1sy=<3, and
2=z=4; NiO; (Mg, Zn, ). (ALGa, ), )05 ,, where
0=x<l, O<y=<l and O=z=1; (Mg, Ni,_,),(ALGa,_,)»;, O3 5,
where O=x<l, O=<y=l and O=z=<l; MgAl,O,; ZnGa,0,;
Mg, Zn Ni,_, (Al Ga,_,),0, where 0=x<1, O<y=<1 (e.g,,
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(Mg, Zn, _J(Al),0,), or (Mg)(ALGa,_,),0,); (ALGa,_,),
(Si,Ge;_,)O5 where Osx=l1 and 0=z<l; (Al Ga,_ ),LiO,
where O=x<1; (Mg,Zn, . Ni ),GeO, where O=x<1, O=y=l;
and/or other epitaxial oxide materials from FIGS. 28, 76 A-1,
76A-2 and 76B.

In some embodiments, the epitaxial oxide materials in the
doped superlattices described herein can each have a cubic,
tetrahedral, rhombohedral, hexagonal, and/or monoclinic
crystal symmetry. In some embodiments, the epitaxial oxide
materials in the doped superlattices described herein com-
prise (Al Ga,_,),0; with a space group that is R3¢, Pna2l,
C2m, Fd3m, and/or Ia3.

In some cases, the doped superlattices described herein
reside in semiconductor structures that are grown on sub-
strates selected from Al,O; (any crystal symmetry, and
C-plane, R-plane, A-plane or M-plane oriented), Ga,O; (any
crystal symmetry), MgO, LiF, MgAl,0,, MgGa,0,,
LiGa0,, LiAlO,, (Al,Ga,_,) 0,, where O=x=1, 1<y=<3, and
2=<7=<4 (any crystal symmetry), MgF,, LaAlO;, TiO,, or
quartz. In some cases, the epitaxial oxide materials of the
superlattices described herein and the substrate material
upon which the semiconductor structures described herein
are grown are selected such that the layers of the semicon-
ductor structure have a predetermined strain. In some cases,
the epitaxial oxide materials and the substrate material are
selected such that the layers of the semiconductor structure
have in-plane (i.e., parallel with the surface of the substrate)
lattice constants (or crystal plane spacings) that are within
0.5%, 1%, 1.5%, or 2% of an in-plane lattice constant (or
crystal plane spacing) of the substrate. In other cases, a
buffer layer (e.g., including a compositional gradient, or a
changing average alloy content) can be used to reset the
lattice constant (or crystal plane spacing) of the substrate,
and the layers of the semiconductor structure have in-plane
lattice constants (or crystal plane spacings) that are within
0.5%, 1%, 1.5%, or 2% of the final (or topmost) lattice
constant (or crystal plane spacing) of the buffer layer.

In some embodiments, a semiconductor material of the
doped superlattices is a wide bandgap material (e.g.,
(Al Ga,__),0;, where O=x<l, or a material shown in the
table in FIG. 28 or in FIGS. 76A-1, 76 A-2 and 76B) having
a bandgap from 3 eV to 14 eV, or from 3.5 eV to 9 eV, or
approximately 6 eV.

According to one aspect, the doped superlattices
described herein comprise alternating host layers and impu-
rity layers. The host layers contain (or consist essentially of)
a semiconductor material, and the impurity layers contain
(or consist essentially of) a corresponding dopant material
(e.g., a donor or acceptor material). For example, the host
layers can be formed of a not intentionally doped (NID)
semiconductor material and the impurity layers can be
formed of one or more corresponding donor or acceptor
materials. In some cases, the impurity layers can comprise a
semiconductor material (e.g., the same semiconductor mate-
rial as in the host layers) and one or more corresponding
donor or acceptor materials. In such cases, the concentration
of the one or more corresponding donor or acceptor mate-
rials can be very high (e.g., greater than 10'® cm™, greater
than 10'° cm™, greater than 10*' cm™, greater than 10
cm™>, or greater than 10** cm™) in the impurity layers. The
superlattice can be formed via a film formation process as
described further below with reference to FIGS. 127 and
128. In some embodiments, the superlattice is formed as a
layered single crystal structure. In some embodiments, the
superlattice is a short-period superlattice (e.g., with a period
less than 20 nm, or less than 10 nm, or less than 5 nm, or less
than 1 nm, or from less than 1 nm to 20 nm).
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The doped superlattices described herein can comprise a
plurality of superlattice unit cells, each containing a host
layer and an impurity layer. However, in alternative embodi-
ments, the superlattice unit cells can comprise a host layer
and two or more impurity layers. The electrical and optical
properties of the superlattice can be changed by varying the
period and the duty cycle of the superlattice unit cells. In
some embodiments, the superlattice comprises superlattice
unit cells having uniform periodicity. However, in alterna-
tive embodiments, the structure comprises a multilayer
structure with alternating host and impurity layers having
non-uniform periodicity. For example, the period of the
alternating host and impurity layers in the multilayer struc-
ture can be varied linearly along the multilayer structure by
varying the thickness of the host layers and/or impurity
layers.

The period of the superlattice is defined as the thickness
of the superlattice unit cell. For example, the period can be
equal to the center-to-center spacing between adjacent impu-
rity layers, or to impurity layers in adjacent superlattice unit
cells. The duty cycle of each superlattice unit cell containing
only 2 layers is defined as the ratio of the thickness of one
layer to the thickness of the other layers in the superlattice
unit cell. For example, the duty cycle of a superlattice unit
cell with only a host layer and an impurity layer would be
equal to the ratio of the thickness of the host layer to the
thickness of the impurity layer in the superlattice unit cell (or
the ratio of the thickness of the impurity layer to the
thickness of the host layer).

The doped superlattices having host layers and impurity
layers as described herein exhibit several advantages over
semiconductor materials doped via conventional methods.
The doped superlattices described herein can obviate the
need to co-deposit a dopant impurity during formation of the
semiconductor material and substantially reduce or entirely
eliminate the segregation of dopant impurities to the surface
of the semiconductor material during the film formation
process. The doped superlattices described herein can also
provide relatively large excesses of free carriers.

When the host layers contain (Al Ga,_ ) 0,, where
O=x=l, 1=y=3, and 2=<z=4, for semiconductor material that
has a high Al content (e.g., x>0.5), the doped superlattices
described herein can achieve a high level of n-type or p-type
conductivity and the activated carrier concentration does not
significantly decrease with increasing Al content. Hence, the
doped superlattices described herein can provide highly
activated n-type or p-type conductivity in a (Al Ga,_ ) O,
semiconductor with a high Al content.

Epitaxial oxides, such as those shown in FIGS. 28, 76 A-1,
76A-2 and 76B that do not contain Ni or Li, can be difficult
to dope p-type. In some embodiments, the doped superlat-
tices described herein can achieve a high level p-type
conductivity for epitaxial oxide materials that are difficult to
dope p-type using dopants co-deposited with the epitaxial
oxide material.

FIG. 126 is a cross-sectional view of a structure 8100
comprising a semiconductor layer 8110 and a doped super-
lattice 8115, according to an embodiment. The superlattice
8115 is formed atop the semiconductor layer 8110 (e.g., an
epitaxial oxide layer, or a substrate). In some embodiments,
semiconductor layer 8110 can comprise any of the epitaxial
oxide materials shown in FIGS. 28, 76 A-1, 76 A-2 and 76B.
In some embodiments, a material for the semiconductor
layer 8110 is (Al,Ga,_,),0, where O=x<l, 1=<y=<3, and 2<z=<4
(e.g., with a Pna2l space group, or other type of crystal
symmetry, such as a-, -, or y-(AlLGa,_,),0,), with thick-
ness from less than 1 nm to 5 microns, or greater than 5
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microns. In some embodiments, the semiconductor layer
8110 is an aluminium oxide, such as sapphire, for example
a substrate in A-plane sapphire, C-plane sapphire, M-plane
sapphire, or R-plane orientation with a thickness of about
600 um, or from 100 pm to 1000 pm. However, other
suitable semiconductor materials and thicknesses can be
used for semiconductor layer 8110.

The doped superlattice 8115 comprises alternately formed
host layers 8120-z and impurity layers 8130-z. As shown in
the example in FIG. 126, in order, the doped superlattice
8115 comprises host layer 8120-1, impurity layer 8130-1,
host layer 8120-2, impurity layer 8130-2, host layer 8120-3,
impurity layer 8130-3, and host layer 8120-4. Each pair
comprising a host layer 8120-» and an adjacent impurity
layer 8130-7 constitutes a unit cell of the doped superlattice.
For example, the host layer 8120-1 and the impurity layer
8130-1 together constitute a unit cell of the doped superla-
ttice.

In the embodiment shown in FIG. 126, four of the host
layers 8120-# and three of the impurity layers 8130-» (i.e.,
three and one-half unit cells) are shown, but any number of
the alternating host layers 8120-z and impurity layers
8130-2 may be formed to create the doped superlattice 8115
with a thickness tl. For example, in some embodiments,
doped superlattice 8115 comprises at least 10 unit cells and
can comprise hundreds or thousands of unit cells. The
thickness t1 of the doped superlattice 8115 can be between
about 50 nm and about 5 um, or between about 50 nm and
1 um, or between 50 nm and 500 nm, or between 50 nm and
100 nm. In some embodiments, the thickness t1 is about 1
um, or about 250 nm.

With reference to the enlarged section shown in FIG. 126,
each of the host layers 8120-z has a thickness t2. In some
embodiments, the thickness t2 is from less than 1 nm to
about 100 nm, or from about 1 nm to about 25 nm. In some
embodiments, the host layers each have a thickness of at
least one half of a monolayer and at most 10 monolayers.
Each of the impurity layers 8130-# has a thickness t3. In
some embodiments, the thickness t3 is from less than 1 nm
to 10 nm, or from about 0.25 nm to about 2 nm. In some
embodiments, the thickness t3 is about 1 nm. In some
embodiments, the impurity layers 8130-» each have a thick-
ness of at least one half of a monolayer and less than five
monolayers, or less than or equal to two monolayers. In
some embodiments, the average spacing between atoms of
the donor material or acceptor material in the plane of the
impurity layer is less than 1 nm and more preferably about
0.1 nm.

In some embodiments, the host layers 8120-» comprise an
epitaxial oxide material.

In some embodiments, the epitaxial oxide material in the
host layers 8120-» can be (Al Ga, . ),0; where O=sxs<l;
(AlLGa,_,),0O, where Osx=<l, 1=<y=3, and 2=z=4; NiO;
(Mg, Zn,_).(ALGa,_),,_,,0;_,, where O=x<l, Osy=l and
O=z=1; (MgNi, ), (AL Ga,_,),,_,yO5_,, where O=x=I,
O<y=l and O=z=<1; MgAl,O,; ZnGa,0,; (Mg,Zn Ni,_,. )
(ALGa,_),0, where O=x<l, O<y=<l (e.g, (Mg,/Zn, )
(AD),0,), or (Mg)(ALGa,_,),0,); (Al,Ga,_,),(S1.Ge,_,)Os
where O=x=<1 and 0=z<l; (Al Ga,_,),Li0, where O=x<l;
(Mg, Zn, _,_Ni ),GeO, where O=x=l, O<y=l; and/or other
epitaxial oxide materials from FIGS. 28, 76 A-1, 76 A-2 and
76B. In some embodiments, the epitaxial oxide material in
the host layers 8120-# can have a cubic, tetrahedral, rhom-
bohedral, hexagonal, and/or monoclinic crystal symmetry.
In some embodiments, the epitaxial oxide materials in the
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doped  superlattices  described  herein  comprise
(Al Ga,__),0; with a space group that is R3¢, Pna21, C2m,
Fd3m and/or Ia3.

In some embodiments, the host layers 8120-» can com-
prise different epitaxial oxide materials throughout the
doped superlattice 8115. For example, the host layers 8120-»
can comprise (Al Ga,_,) O,, where the composition (or the
value of X, or the Al content of the material) varies through-
out the doped superlattice 8115. In another example, the host
layers 8120-z can comprise different epitaxial oxide mate-
rials (e.g., different materials from the table in FIG. 28 or in
FIGS. 76A-1, 76 A-2 and 76B) throughout the doped super-
lattice 8115.

In some embodiments, the impurity layers 8130-» com-
prise (or, in some cases, consist essentially of) a donor
material corresponding to an epitaxial oxide semiconductor
material or an acceptor material corresponding to an epi-
taxial oxide semiconductor material. However, in some
alternative embodiments, a plurality of the impurity layers
within a doped superlattice are donor impurity layers com-
prising a donor material corresponding to an epitaxial oxide
semiconductor material, and a plurality of the impurity
layers within the doped superlattice are acceptor impurity
layers comprising an acceptor material corresponding to an
epitaxial oxide semiconductor material. For example, impu-
rity layers can alternate between donor impurity layers and
acceptor impurity layers.

Where the impurity layers 8130-» comprise a donor
material, the doped superlattice provides n-type conductiv-
ity. For example, the donor material of the impurity layer can
be selected from at least one of: Si; Ge; Sn; rare earth
elements (e.g., Er and Gd); and group III elements such as
Al, Ga, and In; and the host layers can comprise
Mg Zn,_), (Al Ga,_,),_,y0;_,,, where O=x=1, 0<y=<l and
O=zsl; or (AL Ga,_,) O, where Osx<l, 1<y=3, and 2<z=<4 or
(AL, Ga,_,),(S81,Ge,__)O5 where O=x=<l and O=z=<l; or
(AL, Ga,_,),1.i0, where O=x<l. In another example, the
impurity layers can comprise group III elements such as Al,
Ga, and/or In, and the host layers can comprise Mg,GeO,
host layers.

Where the impurity layers 8130-z consist essentially of
the acceptor material, the superlattice provides p-type con-
ductivity. For example, the acceptor material can be selected
from at least one of: Li Ga, Zn, N, Ir, Bi, Ni, Mg and Pd, and
the host layers can comprise (Mg, Ni,_.).(ALGa,_ ), _,,
O;_,,, where O=x<l, O<y=l and O=<z<l, or (Al Ga,_,),0,
where O=x=<1, 1=y<3, and 2=z=<4, or (Al Ga,_,),(Si-Ge,_,)
O5 where 0<x=<1 and O=z<l; or (Al Ga,_,),[Li0, where
O=x1.

In some cases, each impurity layer 8130-z interposed
between adjacent host layers 8120-# creates a thin region (or
sheet) of spatially confined potential wells, which effectively
creates a volume of n*-type or p*-type material in the doped
superlattice 8115. In some cases, a potential well formed by
an impurity layer comprising a donor material can be a well
for electrons, while a potential well formed by an impurity
layer comprising an acceptor material can be a well for
holes. For example, a first sheet of potential wells is formed
in the impurity layer 8130-1 interposed between the host
layer 8120-1 and the host layer 8120-2. Further, a second
sheet of potential wells is formed in the impurity layer
8130-2 interposed between the host layer 8120-2 and the
host layer 8120-3. Additionally, a third sheet of potential
wells is formed in the impurity layer 8130-3 interposed
between the host layer 8120-3 and the host layer 8120-4. The
position and amplitude of the potential wells can be varied
by varying the periodic spacing d1 of the impurity layers
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8130-%. The periodic spacing d1 is determined, for example,
based on the bandgap of the semiconductor material used to
form the host layers 8120-z, and/or on the materials prop-
erties of the semiconductor material and the impurity mate-
rial, and/or on the concentration of the impurity (in the
structure, relative to the host layer, and/or within the impu-
rity layer).

The periodic spacing d1 of the impurity layers 8130-z can
be varied by varying the thickness t2 of the host layers
and/or the thickness t3 of the impurity layer. In some
embodiments, the periodic spacing d1 of the impurity layers
8130-7 is from about 0.1 nm to about 10 nm, or from 0.1 nm
to 1 nm, or from 1 ML to 100 ML, or from 1 ML to 10 ML

In the embodiment shown in FIG. 126, the host layers
8120-~ have a similar thickness in each of the plurality of
superlattice unit cells, and the impurity layers 8130-» have
a similar thickness in each of the plurality of unit cells.
Therefore, the periodic spacing d1 or period is uniform
along the superlattice. However, in alternative embodi-
ments, the host layer 8130-» has a substantially different
thickness in each subsequent unit cell and/or the impurity
layer 8130-% has a substantially different thickness in each
subsequent unit cell. In these alternative embodiments the
periodic spacing d1 can be non-uniform along the multilayer
structure.

In some embodiments, the periodic spacing d1 of the
impurity layers 8130-z of the doped superlattice 8115 is
such that the electron wavefunctions W in the potential wells
induced by the atoms of the donor material or the acceptor
material in subsequent impurity layers 8130-n spatially
overlap. Because the electron wavefunctions ¥ between the
impurity layers 8130-n overlap, a delocalized “sea” of
electrons can be formed. For example, if the host layers
8120-» are formed of (AL Ga,_),O,, where Osx=l, 1=<y=3,
and 2=<7=4, and the periodic spacing d1 of the impurity
layers 8130-» is about 0.5 nm to 10 nm this can enable
vertical propagation of electrons through the doped super-
lattice 8115.

In some embodiments, the semiconductor material used to
form the host layers 8120-# is a wide bandgap material (e.g.,
(AlLGa,_,),0,, where Osx<l, 1=sy<3, and 2<z=4, or a mate-
rial shown in the table in FIG. 28 or in FIGS. 76A-1, 76 A-2
and 76B) having a bandgap from 3 eV to 14 eV, or from 3.5
eV to 9 eV, or approximately 6 eV, and the donor or acceptor
material used to form the impurity layers 8130-z is an
ultrathin semiconductor material with a narrower bandgap,
such as an epitaxial oxide material (e.g., (AlL,Ga,_.),0,,
where O<x=1, 1=y=<3, and 2<z=<4, or a material shown in the
table in FIG. 28 or in FIGS. 76A-1, 76A-2 and 76B). A
continuous thin (e.g., 1 ML thick, or 2 ML thick) semicon-
ductor material with a narrower bandgap disposed across an
O-terminated host surface is suitably bonded on either side
by O bonds and can act as a degenerate doping sheet. For
example, a charge deficit of atoms of the semiconductor
material with a narrower bandgap at the interface with the
host material can provide a free electron to the crystal. The
doped superlattices described herein can improve carrier
mobilities along a growth direction since the carriers are, on
the average, more distant from the ionized impurity atom.
Therefore, the free-carrier mobilities of the p-type or n-type
doped superlattices described herein can be higher than
those of conventional homogeneous but random doping of a
host semiconductor. In some cases, the difference between
the electronic bandgaps of the wide bandgap host material
and the narrow bandgap impurity material coupled with the
large difference in electron affinities of each, effectively
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modulates the positions of the conduction band and valence
band energies in the superlattice relative to the Fermi energy
EFermi'

Donor impurity layers comprising (or consisting essen-
tially of) the donor material effectively modulate the posi-
tion of the conduction band energies toward the Fermi
energy E,,.,; and the position of the valence band energies
away from the Fermi energy E._,.... Donor impurity layers
provide n-type, or n*-type conductivity in localized regions
by effectively pulling the lowest conduction band edge F
below the Fermi energy E. .. ..

Acceptor impurity layers effectively modulate the posi-
tions of the conduction band energies away from the Fermi
energy E. ... and the positions of the valence band energies
toward the Fermi energy Eg,,, The acceptor impurity
layers provide p-type or p*-type conductivity in localized
regions by effectively moving the CH-valence-band edge
closer to the Fermi energy E,,.,.-

In some embodiments, a method of making a doped
superlattice (a p-type or n-type doped superlattice) includes
making the doped superlattice via a substantially two-
dimensional thin film formation process. The method can be
used to make any of the superlattices described herein (for
example superlattices for use in electronic devices having
p-type and n-type regions and in some cases an intrinsic
region). The film formation process can be, for example, a
vacuum deposition process, a molecular beam epitaxy
(MBE) process, a vapour phase deposition process, a chemi-
cal deposition process, or any other formation process that
is capable of precisely forming layers (e.g., epitaxial layers)
of a given thickness in the range of 0.1 nm to 100 nm.

For example, the film formation process is an MBE
process, the epitaxial oxide semiconductor material is
Mg, Zn,_ ). (ALGa,_),,_,yO5_,,, where O=x<1, O<ysl and
O=<z=1; or (Al,Ga,_,),0,, where O=x=l, l<y=<3, and 2=z<4;
and the impurity layer comprises a dopant (donor) material
such as Si; Ge; Sn; rare earth elements (e.g., Er and Gd); and
group III elements such as Al, Ga, and In. In another
example, the host layers can comprise (MgNi, ),
(ALGa,_ )5, »O5_,,, where O=x=<1, O<y=1 and O=z<l, or
(AlGa, ), 0,, where 0sx<l, 1=<y=3, and 2sz=<4; and the
impurity layer comprises an acceptor material such as Li Ga,
Zn, N, Ir, Bi, Ni, Mg and/or Pd. A mechanical shutter is
associated with each material source (e.g., Al, Ga, and the
dopant material). Each shutter is positioned in the beam path
of the species that is emitted from the material source
intersecting the line of sight of the beam between the source
and the deposition plane of the substrate. The shutters are
used to modulate the outputs of each material source species
as a function of time for given calibrated arrival rates of
source materials at the deposition plane. When open, each
shutter allows the corresponding species to impinge the
deposition surface and participate in epitaxial layer growth.
When closed, each shutter prevents the corresponding spe-
cies from impinging on the deposition surface and thus
inhibits the respective species from being incorporated
within a given film. A shutter-modulation process may be
used to readily form atomically abrupt interfaces between
the alternately disposed layers of the doped superlattice.
Methods will now be described in more detail with reference
to FIG. 127. An example of shutter sequences 8150 for such
a film formation process are shown in FIG. 128.

FIG. 127 is a flow diagram of an example of a method
8400 of making a doped superlattice described herein via a
film formation process. The method 8400 comprises the
following steps.
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At step 8410, a substrate is prepared to have a surface of
desired crystal symmetry and cleanliness devoid of disad-
vantageous impurities. Additional substrate preparation
methods described herein may also be used. The substrate is
loaded into a reaction chamber, for example an MBE reac-
tion chamber, and then the substrate is heated to a film
formation temperature. In some embodiments, the film for-
mation temperature is between about 200° C. and about
81200° C. In some embodiments, the film formation tem-
perature is between about 500° C. and 850° C. In some
embodiments, the reaction chamber is sufficiently deficient
of water, hydrocarbons, hydrogen (H), al carbon (C) species
s0 as to not impact the electronic or structural quality of the
doped superlattice.

At step 8420, a first host layer 8120-n, for example,
comprising (or consisting essentially of) an epitaxial oxide
semiconductor material, is formed via the film formation
process on the prepared semiconductor layer 8110. The host
layer 8120-# is formed to a thickness (e.g., t2 in FIG. 126).
For example, if the film formation process is MBE and the
epitaxial oxide semiconductor material is (Al Ga, ) O,
where O=x=<l, 1=y=3, and 2<7<4, the shutters associated
with the sources of elemental aluminum and/or gallium, and
of excited molecular oxygen are opened and a layer of
(AlLGa,_,),0, is formed. In this example, the source(s) of
elemental aluminum and/or gallium can be conventional
effusion cells and the source of excited molecular oxygen
species can be a plasma source. Other active-oxygen sources
can be used, for example ozone and nitrous oxide.

At step 8430, the formation of the first host layer 8120-»
is interrupted and a first impurity layer 8130-» comprising
(or consisting essentially of) a corresponding donor or
acceptor material is formed using the film formation pro-
cess. The impurity layer 8130-z is formed to a thickness
(e.g., 13 in FIG. 126). In some embodiments, a first oxygen
terminated surface is formed on the first host layer prior to
forming the first impurity layer and the first impurity layer
8130-7 is formed on the first oxygen terminated surface. For
example, if the film formation process is MBE, the epitaxial
oxide semiconductor material is (AlLGa, ) O,, where
O=x=l, 1=y=<3, and 2=<7=4, and the dopant material is a
donor material such as Si; Ge; Sn; rare earth elements (e.g.,
Er and Gd); and/or group III elements such as Al, Ga, and
In, the shutter associated with the aluminum and/or gallium
source(s) are closed and a layer of oxygen species is
deposited to form an oxygen-terminated surface. In other
cases, the epitaxial oxide semiconductor material is
(AlLGa,_,),0,, where O=x=<l, 1=<y=<3, and 2=<z=<4, and the
dopant material is an acceptor material such as Li Ga, Zn, N,
Ir, Bi, Ni, Mg and/or Pd. The shutter associated with the
active oxygen species is then closed, a shutter associated
with a source of donor material is opened and the first
impurity layer is formed atop the surface of the first host
layer formed in step 8420. In one example, the source of
dopant material is an elemental effusion cell comprising a
pyrolytic boron nitride (PBN) crucible. In some embodi-
ments, donor or acceptor material adatoms are chemisorbed
and/or physisorbed on the oxygen-terminated surface and
deposition is substantially self-limited by the available oxy-
gen bonds on the surface. In some embodiments, the surface
is supersaturated with the donor or acceptor material and the
donor or acceptor material is both physisorbed and
chemisorbed. In one example, the deposited impurity layer
is a monolayer of a dopant material (e.g., a donor or an
acceptor material) which ideally forms a reconstructed sur-
face of the same symmetry type as the underlying surface of
the host layer.
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At step 8440, the formation of the first impurity layer
8130- is interrupted and a second host layer 8120-n is
formed using the film formation process. In some embodi-
ments, a second oxygen-terminated surface is formed on the
impurity layer prior to forming the second host layer 8120-7.
For example, if the film formation process is MBE, the host
layer is an epitaxial oxide semiconductor material, such as
(AlGa, ), 0,, where Osx<l, 1<y=3, and 2s<z=<4, and the
impurity layer comprises a dopant material such as Mg, Zn,
N, Ir, Bi, Ni, Pd and/or Li, the shutter associated with the
dopant source is closed, the shutter associated with the
active oxygen species is opened, and a layer of oxygen
species is deposited to form an oxygen-terminated surface.
The shutters associated with the aluminum and/or gallium
source(s) are then opened and the second host layer is
formed using the film formation process. The thickness (e.g.,
12 in FIG. 126) of the host layer 8120-z is based, for
example, on the periodic spacing (e.g., d1 in FIG. 126)
between impurity layers 8130-% and the thickness (e.g., t3 in
FIG. 126) of the impurity layers.

At step 8450, it is determined whether the superlattice has
reached a desired thickness (e.g., t1 in FIG. 126). The
desired thickness is defined along the growth direction, i.e.,
perpendicular to the plane of the layers. If the number of
superlattice unit cells or impurity layers 8130-» required to
achieve the desired thickness (e.g., t1 in FIG. 126) has been
achieved, then the method 8400 proceeds to step 8470.
However, if the doped superlattice has not reached a desired
thickness or does not yet comprise a desired number of
layers, the method 8400 proceeds to step 8460. In some
embodiments, the desired number of layers is at least 10 host
layers 8120-z and at least 10 impurity layers 8130-z (or from
3 host layers to more than 100 host layers, and from 3
impurity layers to more than 100 impurity layers) and/or the
desired thickness is from about 5 nm to about 5 pm, or from
about 50 nm to about 5 pum. It is understood that a large
number of periods can be deposited, such as of the order 100
or 1000.

At step 8460, the formation of the second host layer is
interrupted and a second impurity layer is formed using the
film formation process. For example, if the film formation
process is MBE, the host layer is (Al,Ga,_,)0,, where
O=x<l, 1=y3, and 2=<7=4, and the dopant material is Mg, Zn,
N, Ir, Bi, Ni, Pd and/or Li, the shutters associated with the
aluminum and/or gallium source(s) are closed and a layer of
oxygen species is deposited to the host layer to form an
oxygen-terminated surface. The shutter associated with the
active oxygen species is then closed, the shutter associated
with the source of dopant material is opened and the second
impurity layer is formed atop the surface of the host layer
previously formed in step 8440. The method 8400 then
returns to step 8440.

When the desired thickness or desired number of layers of
the superlattice has been achieved, at step 8470, the film
formation process is suspended and the structure comprising
the semiconductor layer 8110 and subsequent layers (e.g.,
epitaxial oxide layers) can be grown on the doped superla-
ttice, or the doped superlattice can be removed from the
reaction chamber. For example, the material sources can be
deactivated, the reaction chamber allowed to cool, and the
structure removed from the reaction chamber.

In some embodiments, in steps 8430 and 8460 the impu-
rity layers 8130-# are single atomic layers or monolayers of
donor or acceptor material. In some embodiments, the
impurity layers 8130-z are at least one monolayer and less
than five monolayers of donor or acceptor material. In some
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embodiments, the impurity layers are at least one monolayer
and less than or equal to two monolayers of donor or
acceptor material.

In one example, a single atomic layer of Si (or Ge) or Mg
(or Li) can be formed to provide the superlattice with n-type
or p-type conductivity, respectively. In another example, the
impurity layers can be an impurity adatom matrix, such as
1 to 5 atomic layers of a single crystalline structure, such as
51,0, where x>0 and y>0, or Mg, O, where p>0 and q>0. In
yet another example, the impurity layers are alloys of Si,,
(AlLGa,_,) 0O, or Mg, (Al Ga,_,),0,, where x=0, y=0, u>0
and v=0.

In some examples, in steps 8430 and 8460 the impurity
layers 8130-» are highly doped semiconductor materials. In
such cases, in steps 8430 and 8460, an epitaxial oxide
material can be deposited (e.g., with a low growth rate for
example, about 0.1 microns/hr, or 0.01 microns per hour, or
from 0.01 microns/hr to 0.1 microns/hr) and the dopant
material can be co-deposited with the epitaxial oxide mate-
rial. For example, in steps 8430 and 8460, the host layer is
an epitaxial oxide semiconductor material, such as
(AlLGa,_,),0,, where O=x=<l, 1=<y=<3, and 2=<z=<4, and the
impurity layer is an epitaxial oxide semiconductor material,
such as (Al,Ga,_,) 0,, where O=x<l, 1=y=<3, and 2<z<4,
comprising a dopant material. In such cases, a shutter (or
shutters) associated with aluminum and/or gallium
source(s), a shutter associated with the active oxygen spe-
cies, and a shutter associated with a source of donor mate-
rial, are all open during the deposition of the impurity layers
in steps 8430 and 8460.

In some embodiments, the host layers 8120-» and the
impurity layers 8130-z have a predetermined crystal polar-
ity, such as a substantially metal polar polarity or an oxygen-
polar polarity along a growth direction.

In some embodiments, the host layers 8120-» and the
impurity layers 8130-» have a predetermined strain imposed
by the impurity layer on to the host layer. For example, the
doped superlattice can be engineered to have the host layers
in a state of biaxial compression or biaxial tension relative
to the buffer layer and/or substrate wherein the biaxial
compression or biaxial tension is induced by the impurity
layers. For example, an n-type superlattice formed using
(AlLGa,_,), 0, host layers and the impurity layers provide
biaxial tension or compression in the (Al,Ga,_,),0, host
layers.

In some embodiments, the doped superlattice described
herein resides in an electronic device, where the electronic
device comprises an n-type doped superlattice providing
n-type conductivity and a p-type doped superlattice provid-
ing p-type conductivity. For example, the electronic device
can be a UV LED, a UV light detector, or a UV laser. For
example, the electronic device can be a UV LED operating
in the optical wavelength range from 8150 nm to 280 nm, or
from 190 nm to 250 nm.

In an example, the n-type doped superlattice comprises
alternating host layers and donor impurity layers. The host
layers of the n-type doped superlattice comprise (or consist
essentially of) an epitaxial oxide semiconductor material and
the donor impurity layers comprise (or consist essentially of)
a corresponding donor material. The p-type doped superla-
ttice comprises alternating host layers and acceptor impurity
layers. The host layers of the p-type doped superlattice
comprise (or consist essentially of) an epitaxial oxide semi-
conductor material and the acceptor impurity layers com-
prise (or consist essentially of) a corresponding acceptor
material. The n-type doped superlattice and p-type doped
superlattice can be the doped superlattice 8115 described
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above, and the epitaxial oxide semiconductor material, the
donor material and/or the acceptor material can be the
materials described in relation to the doped superlattice
8115.

In some embodiments, the n-type doped superlattice and
the p-type doped superlattice form a PN junction. In other
embodiments, the electronic device further comprises an
intrinsic region between the n-type doped superlattice and
the p-type doped superlattice to form a PIN junction. Here
the term “intrinsic region” has been used in line with
convention and is not intended to suggest that the intrinsic
region is always formed of a near pure semiconductor
material. In some embodiments the intrinsic region com-
prises (or is formed essentially of) one or more not inten-
tionally doped or pure semiconductor materials. The intrin-
sic region can comprise one or more epitaxial oxide
semiconductor materials of the host layer, or one or more
epitaxial oxide materials that are different from those in the
host layer(s) of the n-type and/or p-type doped superlattices.

In some embodiments, the electronic device can be con-
sidered to be a homojunction device because the same
epitaxial oxide semiconductor material is used throughout
most or all of the electrical and optical layers of the
electronic device. Because the same epitaxial oxide semi-
conductor material is used throughout most or all of the
electrical and optical layers of the electronic device, the
refractive index is the same throughout these layers of the
electronic device.

In some embodiments, a period and/or a duty cycle of the
p-type doped superlattice and/or the n-type doped superla-
ttice is such that the p-type doped superlattice and/or the
n-type doped superlattice is transparent to a photon emission
wavelength or a photon absorption wavelength of the intrin-
sic region or a depletion region of a PN junction. This
enables light emitted from, or absorbed by, the intrinsic
region or the depletion region of the PN junction to effi-
ciently enter or leave the device. In some cases, the depletion
region is engineered for high (or optimal) optical generation
probability by efficient recombination of injected electrons
and holes from the respective n-type and p-type doped
superlattice regions.

In some embodiments, the electronic devices are hetero-
structure devices comprising a first epitaxial oxide material
as the host layer in one or more doped superlattices, and a
second epitaxial oxide material in an intrinsic (or not inten-
tionally doped) region. For example, wider bandgap epi-
taxial oxide materials can be used in the one or more doped
superlattices in the device and a narrower bandgap epitaxial
oxide material can be used in the intrinsic region. Such a
configuration can be beneficial since the one or more doped
superlattices can be transparent to a wavelength of interest
while the intrinsic region can be configured to emit the
wavelength of interest (or absorb the wavelength of interest,
in the case of a detector device). For example, the one or
more doped superlattices can comprise (Al,Ga,_,),0, with a
high Al content (e.g., x greater than 0.5) and the intrinsic
region can comprise (Al,Ga,_,),0, with a low Al content
(e.g., X less than 0.5).

FIG. 129 is a cross-sectional view of an electronic device
8500, according to some embodiments. The electronic
device 8500 is a PIN device and comprises a substrate 8510,
a buffer region 8520, an n-type doped superlattice 8530, an
intrinsic (or not intentionally doped) layer 8540, and a
p-type doped superlattice 8550. The device can be produced
by forming the buffer region 8520, the n-type doped super-
lattice 8530, the intrinsic layer 8540 and the p-type doped
superlattice 8550 in order on the substrate 8510.
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The substrate 8510 has a thickness t4, which in some
embodiments is between about 300 um and about 1,000 pm.
In some embodiments, the thickness t4 is chosen in propor-
tion to a diameter of the substrate 8510, such that the larger
the diameter of the substrate, the larger the thickness t4.

In some embodiments, the substrate 8510 is substantially
transparent to a design wavelength of the electronic device.
The design wavelength can be an emission wavelength of
the electronic device 8500 where the electronic device 8500
is a UV LED or UV laser, or can be an absorption wave-
length of the electronic device 8500 where the electronic
device 8500 is a UV light detector. In some embodiments,
the emission wavelength or the absorption wavelength is
from 8150 nm to 280 nm, or from 190 nm to 250 nm. For
example, the substrate 8510 can be formed of a material that
is substantially transparent to UV light, such as sapphire. In
some embodiments, the material for the substrate can be
selected from one of: A-plane sapphire, C-plane sapphire,
M-plane sapphire, R-plane sapphire, Ga,O;, or MgO,
optionally with a template layer (e.g., Al(111) metal).

In alternative embodiments, the substrate 8510 is substan-
tially non-transparent to the design wavelength of the elec-
tronic device 8500. For example, the substrate 8510 can be
formed of a material that is substantially non-transparent to
some wavelengths of UV light, such as Ga,O;. The substrate
8510 can be substantially insulating or substantially con-
ductive. For example, the substrate 8510 can be formed of
MgO that has been doped to a high level of conductivity. In
some embodiments, an optical access port can be optionally
micro-machined or etched into the substrate to enable effi-
cient optical extraction.

The buffer region 8520 has a thickness t5, which in some
embodiments is from about 10 nm to 5 um, or from about 10
nm to about 1 pm, or from about 100 nm to 500 nm. In some
cases, the buffer region 8520 is formed sufficiently thick to
have low defect density at a surface adjacent to the n-type
doped superlattice 8530. For example, the defect density of
the buffer region 8520 is about 108 cm™ or less.

In some embodiments, the buffer region 8520 comprises
(or consists essentially of) (Al Ga,_,),0,, where O=x=l,
either as bulk-like materials (or bulk-like films, or single
layer films), or as layers of a buffer region superlattice. In
some embodiments, the buffer region comprises a ternary
bulk alloy or superlattice comprising a material from the
table in FIG. 28 or FIGS. 76A-1, 76A-2 and 76B. In some
embodiments, the buffer region comprises an epitaxial oxide
of the form A B O, (e.g., (A B,_,),05), where A and B are
selected from at least two of Al, Ga, Mg, Ni, Zn, Bi, Ge, Ir,
a rare earth element, and Li.

Buffer region 8520 can include, for example,
(AL Ga,_,),0; with a space group that is R3¢, Pna21, C2m,
Fd3m, and/or Ia3; (AlLGa,_,),0; where O=x=<l;
(AlLGa,_,),0O, where Osx=<l, 1=<y=3, and 2=z=4; NiO;
(Mg, Zn,_).(ALGa,_),,_,,0;_,, where O=x<l, Osy=l and
O=z=1; (MgNi, ), (AL Ga,_,),,_,yO5_,, where O=x=I,
O=<y=1 and 0O=z<1; MgAlL,O,; ZnGa,O,; (Mg Zn Ni, _, )
(ALGa,_),0, where O=x<l, O<y=<l (e.g, (Mg,/Zn, )
(AD),0,), or (Mg)(ALGa,_,),0,); (Al,Ga,_,),(S1.Ge,_,)Os
where O=x=<1 and 0=z=<l; (ALGa,_,),Li0O, where O=xxl;
(Mg, Zn, _,_Ni ),GeO, where O=x=l, O<y=l; and/or other
epitaxial oxide materials from FIGS. 28, 76 A-1, 76 A-2 and
76B.

In some embodiments, the buffer region 8520 comprises
a superlattice, such as a short-period superlattice. For
example, a buffer layer can be formed from a superlattice
formed of alternating layers of (Al,Ga,_,), 0O, where O=xx<I,
1=y=3, and 2=7=4, where the alternating layers can include
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two different compositions of (Al,Ga,_,),0,. In some cases,
a buffer region superlattice may have a bulk composition
equivalent to a composition of the epitaxial oxide semicon-
ductor material of the host layers 8532. In some cases, a
buffer region superlattice may have a top surface with an
in-plane (approximately parallel with the surface of the
substrate) lattice constant that is equivalent to (or within
10% of, or within 5% of, or within 3% of, or within 2% of,
or within 1% of) an in-plane lattice constant of the epitaxial
oxide semiconductor material of the host layers 8532. Such
superlattice structures can be used to further reduce the
defect density in the buffer region 8520 by introducing
lateral strain energy to reduce threading dislocations.

The n-type doped superlattice 8530 comprises alternating
host layers 8532 and donor impurity layers 8534. The host
layers and impurity layers can be any of those described
herein, for example, (Al Ga, ,),0; where O=x<l;
(Al,Ga,_,),0, where O=x=<l, 1=y=3, and 2<z=<4 (with a
space group that is R3c, Pna2l, C2m, Fd3m and/or Ia3);
NiO; (Mg Zn,_).(ALGa,_ ), 05, ~where Os=x=I,
O=<y=l and O=z=1; (Mg, Ni, ) (AL Ga,_),,_,O;_,, where
O=x=<l, O=y=l and O=z=l; MgAl,O,; ZnGa,0,
Mg, Zn Ni, )AL Ga, ),0, where O=xs<1, O<y=l (e.g,
(Mg, Zn,_,)(Al),0,), or (Mg)(ALGa,_,),0.,); (ALGa,_,),
(Si,Ge,_,)Os where O=x=l and O=z<l; (Al Ga,_,),Li0,
where O=x=<1; (Mg,Zn,_. Ni ),GeO, where O=x<1, O=y=l;
and/or other epitaxial oxide materials from FIGS. 28, 76 A-1,
76A-2 and 76B.

The p-type doped superlattice 8550 comprises alternating
host layers 8532 and acceptor impurity layers 552. The host
layers and impurity layers can be any of those described
herein, for example, (Al Ga, ,),0; where O=x<l;
(AlGa,_,),0, where Osxs<l, 1<y=3, and 2<z<4 (with a
space group that is R3c, Pna2l, C2m, Fd3m and/or Ia3);
NiO; (Mg Zn, ). (ALGa, ), 05, ~where O=xsl,
O<y=l and O=z=<1; (Mg,Ni,_,),(ALGa,_),,_,O;_,, where
O=x=<l, O=y=l and O=z=l; MgAl,O,; ZnGa,0,
Mg, Zn Ni,_, (Al Ga,_,),0, where 0=x<1, O<y=<1 (e.g.,
(Mg, Zn,_,)(Al),0,), or (Mg)(ALGa,_,),0.,); (ALGa,_,),
(Si,Ge;_,)O5 where 0Osx=1 and 0=z<l; (Al Ga,_,),LiO,
where O=x=<1; (Mg,Zn, . Ni ),GeO, where O=x<1, O=y=l;
and/or other epitaxial oxide materials from FIGS. 28, 76 A-1,
76A-2 and 76B.

The n-type doped superlattice 8530 has a thickness t6 and
the p-type doped superlattice 8550 has a thickness t7. These
thicknesses can be the thicknesses described above, for
example in FIG. 126 as thickness t1. The thicknesses t6 and
t7 can be selected to substantially reduce parasitic absorp-
tion of light of the design wavelength of the electronic
device 8500. For example, epitaxial oxide materials can
have emission wavelengths from 8150 nm to 280 nm.

In some cases, an optical thickness of the n-type doped
superlattice 8530 can be determined from the refractive
indexes of the materials used to form the n-type doped
superlattice 8530, and the other layers in the structure. The
optical thickness can be selected for efficient extraction of
light from the electronic device 8500, for example, taking
into account reflections between interfaces and optical inter-
ference effects.

In some embodiments, the thickness t6 of the n-type
doped superlattice 8530 is selected to facilitate formation of
an ohmic contact (not shown) on the electronic device 8500.
In some embodiments, the thickness t6 is at least about 250
nm to facilitate fabricating an ohmic contact using a selec-
tive mesa-etching process.

The host layers 8532 of the n-type doped superlattice
8530 and the p-type doped superlattice 8550 have a thick-
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ness t9 and a thickness t11, respectively. These thicknesses
can be the thickness described above, for example in FIG.
126 as thickness t2. The donor impurity layers 8534 have a
thickness t10 and the acceptor impurity layers 552 have a
thickness t12. These thicknesses can be the thicknesses
described above, for example in FIG. 126 as thickness t3.

The n-type doped superlattice 8530 has a period d2 and
the p-type doped superlattice 8550 has a period d3. In some
embodiments, period d2 and/or period d3 are based on the
design wavelength of the electronic device 8500. In the
embodiment shown, the period d2 and the period d3 are
uniform. However, in alternative embodiments, period d2
and/or period d3 can be non-uniform, such as being different
from one another, and/or can vary within a superlattice. The
periods d2 and d3 can be the periods described above, for
example in FIG. 126 as period d1.

The n-type doped superlattice 8530 can be considered to
have a plurality of superlattice unit cells each consisting of
a host layer 8532 and a donor impurity layer 8534. The
p-type doped superlattice 8550 can be considered to have a
plurality of unit cells each consisting of a host layer 552 and
an acceptor impurity layer 8554. The optical properties of
the n-type doped superlattice 8530 and the p-type doped
superlattice 8550 can be selected by changing the period
and/or duty cycle of the unit cells in the superlattice. The
optical properties of the n-type doped superlattice 8530 and
the p-type doped superlattice 8550 can also be selected by
changing the material comprising the doped superlattices
8530 and 8550. In the embodiment shown, the period d2 and
the period d3 are the same. However, in alternative embodi-
ments, period d2 and the period d3 can be different enabling
different optical properties to be selected on either side of the
intrinsic region 8540.

In some embodiments, the intrinsic region 8540 is the
active region of electronic device 8500 wherein electrons
from the n-type doped superlattice 8530 and holes from the
p-type doped superlattice 8550 recombine to emit photons.
The intrinsic region 8540 has a thickness t8, which in some
embodiments is from 100 nm to 1000 nm, or less than 500
nm. In some embodiments, the thickness of the intrinsic
region is about one half the emitted optical wavelength, or
an even multiple of the emitted optical wavelength. For UV
LEDs and lasers, the thickness t8 of the intrinsic region 8540
is selected for efficient recombination of electrons from the
n-type doped superlattice 8530 and holes from the p-type
doped superlattice 8550.

In some embodiments, the intrinsic region 8540 com-
prises (or consists essentially of) one or more epitaxial oxide
semiconductor materials. For example, the intrinsic region
8540 can comprise (or consist of) the epitaxial oxide semi-
conductor material used in the host layers 8532 of the n-type
doped superlattice and the p-type doped superlattice, for
example (Al,Ga, ,) 0O, where O=x<1, 1=y=3, and 2=z=<4,
which has an emission wavelength from about 8150 nm to
about 280 nm. In some embodiments, the one or more
epitaxial oxide semiconductor materials are configured such
that the intrinsic region 8540 has a bandgap that varies along
a growth direction.

For example, the intrinsic region 8540 can comprise at
least one of the following: (Al Ga,_,),0; where Osx<l;
(Al Ga,_,),0, where Osxs<l, l<y=3, and 2s<z<4 (with a
space group that is R3¢, Pna21, C2m, Fd3m, and/or Ia3);
NiO; (Mg, Zn, ).(ALGa, )5, 05 ,, where O=xsl,
O<y=l and O=z=1; (Mg, Ni,_,),(Al,Ga, ), _,)O;_,, where
O=x=<l, O=sy=l and O=z=l; MgAl,0,; ZnGa,0,
(Mg, Zn Ni,_, )(AlGa,_,),0, where 0=x<1, O<y=1 (e.g,,
(Mg, Zn, _J(Al),0,), or (Mg)(ALGa,_,),0.,); (ALGa,_,),
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(Si,Ge,_,)Os where O=x=l and O=z<l; (Al Ga,_,),Li0,
where O=x=1; (Mg, Zn, . Ni ),GeO, where Osx<1, Osy=<1;
and/or other epitaxial oxide materials from FIGS. 28, 76 A-1,
76A-2 and 76B. The intrinsic region can comprise a single
layer of one of the materials listed above, multiple layers of
one of the materials listed above, one or more quantum wells
and barriers comprising one or more of the materials listed
above, or a superlattice comprising one or more of the
materials listed above. The crystal structure modifier can
produce a predetermined effect of at least one of: improving
the material quality, altering the emission wavelength, and
altering the intrinsic strain state of the intrinsic region
relative to the other regions of the superlattice.

In some embodiments, the intrinsic region 8540 com-
prises an impurity layer. The impurity layer comprises (or
consists essentially of): a donor material corresponding to
the one or more epitaxial oxide semiconductor materials of
the intrinsic region; an acceptor material corresponding to
the one or more epitaxial oxide semiconductor materials of
the intrinsic region; a compensated material comprising a
donor material and an acceptor material corresponding to the
one or more epitaxial oxide semiconductor materials of the
intrinsic region. For example, the intrinsic region can com-
prise (Mg, Zn,_),(ALGa, )05 ,, where Os=xzI,
O<y=l and O=z<l, or (Al,Ga,_,),0, where O=x=<1, 1<y=3,
and 2=7=4, and the impurity layer in the intrinsic region can
comprise Si; Ge; group III elements such as Al, Ga, and In;
and Li.

In some embodiments, the intrinsic region comprises an
optical recombination superlattice, or a superlattice where
electrons and holes recombine to emit photons (or light). For
example, the intrinsic region 8540 can comprise a superla-
ttice comprising a repeating unit cell of the following layers
of material [host/impurity/host/impurity/host/impurity],
where host is a host semiconductor material, such as the
epitaxial oxide semiconductor material of the host layer, and
impurity is a donor or acceptor material corresponding to the
host layer. In some cases, the materials comprising the host
layers and impurity layers change throughout the superlat-
tice. For example, the intrinsic region 8540 can comprise a
superlattice comprising a repeating unit cell of the following
layers of material [host A/impurity A/host B/impurity B],
where host A and host B are different epitaxial oxide
materials (e.g., (Al Ga, _,),0, with different values of x) and
where impurity A and impurity B are either the same donor
or acceptor material or different donor or acceptor materials.

In some embodiments, the optical recombination super-
lattice comprises host layers comprising (or consisting
essentially of) a host epitaxial oxide semiconductor material
and an impurity layer that is optically active. The impurity
layer, for example, comprises (or consists essentially of) a
material that is selected from a lanthanide species that is
incorporated in a triply ionized state. The Lanthanide species
within the optical recombination superlattice thus forms a
prepared 4-f shell electronic manifold intrinsic to the Lan-
thanide atoms incorporated within the optical recombination
superlattice. The 4-f electronic manifold of the triply ionized
and atomically bonded Lanthanide specie is embedded on an
electronic energy scale substantially within the bandgap
energy of the host semiconductor material of the optical
recombination superlattice.

Electrons and holes are injected into the optical recom-
bination superlattice from the n-type and p-type doped
superlattices, respectively, wherein the electrons and holes
recombine transferring energy to the 4-f shell states of the
Lanthanide specie in the impurity layer of the optical
recombination superlattice and thus excite the said 4-f shell
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states. Relaxation of the excited 4f-shell states creates
intense and sharp optical emission that is transmitted
through the entire electronic device by virtue of the n-type
and p-type doped superlattices being optically transparent.

In alternative embodiments, the intrinsic region 8540 is
omitted from the electronic device 8500 shown in FIG. 129.
In these embodiments, the p-type doped superlattice 8550 is
formed directly atop the n-type doped superlattice 8530 and
the electronic device is a PN device (or a homojunction PN
device).

FIG. 130 is a cross-sectional view of an example of an
LED device 8600 that is based on the structure of the
electronic device 8500 shown in FIG. 129. The LED device
8600 comprises a substrate 8610, a buffer region 8620, an
n-type doped superlattice 8630, an intrinsic layer 8640, a
p-type doped superlattice 8650, and a p-type contact layer
8660. The device can be produced by forming the buffer
region 8620, the n-type doped superlattice 8630, the intrinsic
layer 8640, the p-type doped superlattice 8650, and the
p-type contact layer 8660 in order on the substrate 8610. The
LED device 8600 also comprises a p-type contact 8670 and
an n-type contact 8680. The p-type contact 8670 is formed
on top of the p-type contact layer 8660.

The p-type contact 8670 and the n-type contact 8680 can
be formed using known photolithographic processes. For
example, the n-type contact 8680 can be formed via a
photolithographic process, wherein a portion of each of the
p-type contact 8670, the p-type contact layer 8660, the
p-type doped superlattice 8650, the intrinsic layer 8640, and
the n-type doped superlattice 8630 are removed in order to
expose a defined area on the n-type doped superlattice 8630.
A passivation layer 8685 (e.g., Al,O,, LiF or MgF) is formed
to cover exposed edges of the n-type doped superlattice
8630, the intrinsic layer 8640, the p-type doped superlattice
8650, and the p-type contact layer 8660 to prevent undesired
conduction paths from the n-type contact to the buffer region
8620, the n-type doped superlattice 8630, the intrinsic layer
8640, the p-type doped superlattice 8650 and the p-type
contact layer 8660. In some embodiments, the passivation
layer 8685 consists of a wide bandgap material (e.g., Al,O;,
LiF or MgF) having a wider bandgap than the epitaxial oxide
semiconductor material of the host layers in the n-type
doped superlattice 8630 and the p-type doped superlattice
8650.

In one embodiment, the substrate 8610 is a transparent
insulating substrate formed of sapphire and the p-type
contact layer 8660 is formed of highly doped p-type
(AlLGa,_,), 0O, where O=x=<1, 1=y<3, and 2=<7=4 (e.g., doped
with Li or N). The thickness of the p-type contact layer 8660
can be between about 25 nm and about 200 nm, and is about
50 nm in an example. The p-type contact 8670 is preferably
reflective and electrically conductive. A portion of the p-type
contact 8670 can be formed using Al for highly optical
reflective operation in the 190 nm to 280 nm wavelength
region, and a portion of the p-type contact 8670 can be
formed of a not optically reflective material as an ohmic
contact. High work function p-type contact metals for epi-
taxial oxide materials can include Platinum (Pt), Iridium (Ir),
Palladium (Pd) and Osmium (Os). Metal contacts to n-type
epitaxial oxide materials can be made from Aluminium (Al),
Cesium (Cs), Palladium (Pd), and Tungsten (W).

Light 8690 that is emitted from the intrinsic layer 8640
can exit the LED device 8600 vertically through the sub-
strate 8610 and/or in the lateral direction. Because the p-type
contact 8670 can be engineered to be reflective, a portion of
the light 8690 that is emitted from the intrinsic layer 8640 in
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the vertical direction through the p-type doped superlattice
8650 can be reflected and exit the LED device 8600 through
the substrate 8610 as reflected light 8695.

FIG. 131 is a cross-sectional view of an example of an
LED device 8800 that is based on the electronic device 8500
and the LED device 8600 shown in FIGS. 129 and 130. The
LED device 8800 is a vertically emitting homojunction PIN
diode. The LED device 8800 comprises a substrate 8810, a
buffer region 8820, an n-type doped superlattice 8830, an
intrinsic layer 8840, a p-type doped superlattice 8850, and a
p-type contact layer 8860. The LED device 8800 can be
produced by forming the buffer region 8820, the n-type
doped superlattice 8830, the intrinsic layer 8840, the p-type
doped superlattice 8850, and the p-type contact layer 8860
in order on the substrate 8810. The LED device 8800 also
comprises a p-type contact 8870 and an n-type contact 8880.
The p-type contact 8870 is formed on top of the p-type
contact layer 8860.

The substrate 8810 is a non-transparent insulating sub-
strate (for example Ga,O;) and the p-type contact 8870 is
patterned as a grid having a plurality of openings 8872.
Light 8890 emitted from the intrinsic region 8840 is emitted
from the device through the openings 8872. In some cases,
the light 8890 emitted from the intrinsic region 8840 can
also exit the LED device 8800 in the lateral direction.
“Laterally” or “lateral” refers to the direction substantially
along the plane of the layers, while “vertically” or “vertical”
refers to the direction substantially perpendicular or normal
to the plane of the layers.

FIG. 132 is a cross-sectional view of an example of an
LED device 8802 based on the LED device 8800 shown in
FIG. 131. In the LED device 8802, the substrate 8810 is a
non-transparent, conductive substrate. For example, such a
substrate can be made of n-type doped Ga,O; (if the emis-
sion wavelength is in the range of 8150-280 nm) that has
been electrically doped to a high level of conductivity. An
ohmic contact 8882 is formed on the bottom of the substrate
8810 and an n-type contact adjacent to layer 8830 (e.g.,
contact 8880 in FIG. 131) is omitted. The ohmic contact
8882 can be formed, for example, of Al if the substrate 8810
is n-type, or of a high work function metal, such as nickel or
osmium, if the substrate 8810 is p-type. The contact resis-
tance between the contact 8882 and the buffer region 8820,
through the substrate 8810, can be further improved by
recessing into the substrate 8810 trenched regions of ohmic
metal to further increase the contact area and improve the
heat extraction efficiency.

In some embodiments, the substrate 8810 and the ohmic
contact 8882 comprise one or more windows or openings to
enable light to leave the electronic device.

FIG. 133 is a cross-sectional view of an example of an
LED device 8900. In this example, after forming the LED
device 8800 shown in FIG. 132, a portion of the ohmic
contact 8882 and a portion of the substrate 8810 are removed
to form a window 8987. In one example, the window 8987
is formed using a photolithography process, wherein a
portion of the ohmic contact 8882 and a portion of the
substrate 8810 are removed in order to expose a defined area
on the buffer layer 8820. In some cases, substrate 8810 is
thinned and not completely removed, either in certain
regions, or across the entire substrate 8810. In some cases,
light 8890 is also emitted from the LED device 8900 through
the window 8987 and the openings 8872. Light 8890 is also
emitted through the passivation layer 8885. In some embodi-
ments, an antireflective coating can be formed on a back side
of the window 8987 to improve light extraction or optical
coupling.
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The doped superlattices described herein advantageously
allow the formation of epitaxial oxide regions that are doped
n-type or p-type, with wide bandgap epitaxial oxide host
layers and thin impurity layers. The doped superlattices
described herein can be designed to have high conductivity
(n-type or p-type) and wide effective bandgaps, such that
they have low absorption coefficients to UV light in the
wavelength from about 150 nm to about 280 nm (or higher),
for example, that is emitted from (or absorbed by) a not
intentionally doped region in a structure.

The superlattices can be designed to be transparent to the
design wavelength of the electronic device to enable light to
be emitted through the n-type or p-type semiconductor
region while achieving a high level of n-type or p-type
conductivity. Furthermore, the electrical (e.g., carrier con-
centration) and optical (e.g., optical transparency at the
design wavelength) properties of the superlattices can be
changed by varying the period and the duty cycle of the unit
cells of the superlattice.

It should be appreciated that in the electronic devices
shown herein the n-type and p-type doped superlattices and
contacts may be swapped such that the p-type doped super-
lattice is grown first.

Graded Layers and Multilayers

The present disclosure describes semiconductor structures
with one or more graded layers or graded regions containing
epitaxial oxide materials. In some cases, the graded layers
contain an epitaxial oxide layer with a gradient in compo-
sition (e.g., a monotonic change in composition) throughout
the layer. In some cases, the graded regions contain an
epitaxial oxide multilayer structure (or a plurality of epi-
taxial oxide layers) where the average composition of the
multilayer structure changes throughout the region. The
average composition of the region can be graded by chang-
ing the compositions of the epitaxial oxide layers within the
multilayer structure and/or by changing the thicknesses of
the epitaxial oxide layers within the multilayer structure.

The epitaxial oxide layers in the graded layers and graded
regions described herein can be i-type (i.e., intrinsic, or not
intentionally doped), n-type, or p-type. The epitaxial oxide
layers that are n-type or p-type can contain impurities that
act as extrinsic dopants. In some cases, the n-type or
p-type layers contain polar epitaxial oxide materials
(e.g., (Al Ga,_,),0;, where O=x=<l, with a Pna2l space
group), and the n-type or p-type conductivity can be induced
via polarization doping (e.g., due to a strain within the
layer(s)).

The epitaxial oxide materials contained in the semicon-
ductor structures described herein can be any of those shown
in the table in FIGS. 28, 76A-1, 76A-2 and 76B, for
example, (Al,Ga,_,),0; where O=x<1; (Al,Ga,_,), 0, where
O=x=l, 1=y=3, and 2=<7z=<4 (with a space group that is R3c,
pna2l, C2m, Fd3m, and/or Ia3); NiO; (Mg Zn,_ ).
(AL Ga, ), )O;_, where Osxsl, Osy<l and Oszsl;
(Mg, Ni,_),(Al,Ga,_),_,,0;5_,, where O=x=<1, O<y=1 and
O=z=l1,; MgAL,O,; ZnGa,0,; (Mg, Zn Ni,_, )
(ALGa,_),0, where O=x<l, O<y=<l (e.g, (Mg,/Zn, )
(AD),0,), or (Mg)(ALGa,_,),0,); (Al,Ga,_,),(S1.Ge,_,)Os
where O=x=<1 and 0=z=<l; (ALGa,_,),Li0O, where O=xxl;
and (Mg, Zn,_, Ni ),GeO, where O=x=1, O=<y1.

In some cases, the multilayer structures of the graded
regions can contain alternating layers that repeat in sequence
(e.g., with different compositions and/or thicknesses) with a
wider bandgap epitaxial oxide material layer and a narrower
bandgap epitaxial oxide material layer. The difference in
bandgaps between the wider bandgap and the narrower
bandgap epitaxial oxides can be of any height greater than
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about 100 meV, such as from 0.1 eV to 2 €V, or from 0.3 eV
to 2 eV, or from 0.5 eV to 10 eV. In some cases, the
multilayer structures of the graded regions can contain
layers of three or more layers of epitaxial oxide materials
that repeat in sequence (e.g., with different compositions
and/or thicknesses).

The graded regions described herein can contain a graded
multilayer  structure  having a  wider bandgap
(Al,,Ga,_;),0, layer and a narrower bandgap
(Al,,Ga,_,,),0, layer, where Osxl=<1l and 0O=x2<l, and
x1/x2, where the difference in bandgap between the layers is
from 0.1 eV to 2 eV and/or the difference in x between the
layers is from 0.1 to 1, and where the compositions and/or
thicknesses of the layers change throughout the multilayer
structure. For example, a graded region can contain a
multilayer structure with repeating pairs of a wider bandgap
(Al,Ga,_,) 0, layer and a narrower bandgap (Al,Ga,_,) 0O,
layer, where O=x=<1 for both compositions (i.e., both com-
positions are ternary materials), x is different in each com-
position, the difference in bandgap between the layers is
from 0.1 eV to 2 eV and/or the difference in x between the
layers is from 0.1 to 1, and where the thicknesses of the
wider bandgap layers and/or the thicknesses of the narrower
bandgap layers change through the thickness of the graded
region. By changing the thicknesses (or the relative thick-
ness between the layers) through the multilayer structure,
the average composition will change throughout the graded
region.

FIGS. 91H and 911 described above are example band
structures of a graded multilayer structures between a WBG
and an NBG material.

In another example, a graded region described herein can
contain a multilayer structure with a first layer of
(Al,Ga,_,),0, where O=x<l, 1=<y=<3, and 2=z=<4, and a
second layer, where the material of the second layer is
selected from (Al Ga,_,),0; where O=x<l; (Al,Ga,_,) 0O,
where O=x<1, 1=y=<3, and 2=<7=4 (with a space group that is
R3c (i.e., @), Pna2l (i.e., x), C2m (i.e., (3), and/or 1a3 (i.e.,
d)); NiO; (Mg, Zn, _,).(Al Ga,_),_,,05_,, where O=x<l,
O=<y=l and O=z=1; (Mg, N1,_).(ALGa,_),,_,O;_,, where
O=x=<l, O=y=l and O=z=l; MgAl,O,; ZnGa,0,
Mg, Zn Ni, )AL Ga, ),0, where O=xs<1, O<y=l (e.g,
(Mg, Zn,_,)(Al),0,), or (Mg)(ALGa,_,),0.,); (ALGa,_,),
(Si,Ge,_,)Os where O=x=l and O=z<l; (Al Ga,_,),Li0,
where O=x=<1; (Mg,Zn,_. Ni ),GeO, where O=x<1, O=y=l;
and/or other epitaxial oxide materials from FIGS. 28, 76 A-1,
76A-2 and 76B, and where the compositions and/or thick-
nesses of the first and/or second layers change throughout
the multilayer structure.

In another example, a graded region described herein can
contain a multilayer structure with a first layer and a second
layer, where the materials of the first and second layers are
selected from (Al Ga,_,),0; where O=x<l; (Al,Ga,_,) 0O,
where 0O=x=l, 1lsy=3, and 2=sz=<4; NiO; (MgZn, ),
(ALGa, ), 05, where 0O=x<l, Osy=l and Oszs<l;
Mg Ni,_).(ALGa,_),,_,O;_,, where O=x<l, O<y=<l and
O=<z=l; 5043 ZnGa,0,; Mg, Zn Ni,_, )
(Al Ga, ),0, where O=x<l, O<y=l (e.g, (Mg,/Zn, )
(Al),0,), or (Mg)(ALGa,_,),0,); (Al,Ga,_,),(S1.Ge,_,)Os
where O=x=<1 and 0=z=<l; (ALGa,_,),L.iO, where O=x<l;
Mg, Zn, . Ni ),GeO, where O=x=l, O<ysl; and/or other
epitaxial oxide materials from FIGS. 28, 76 A-1, 76A-2 and
768, and where the compositions and/or thicknesses of the
first and/or second layers change throughout the multilayer
structure.

In some embodiments, the epitaxial oxide materials in the
semiconductor structures described herein can each have a
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cubic, tetrahedral, rhombohedral, hexagonal, and/or mono-
clinic crystal symmetry. In some embodiments, the epitaxial
oxide materials in the semiconductor structures described
herein comprise (Al Ga,_,),0; with a space group that is
R3¢, Pna21, C2m, Fd3m, and/or 1a3.

In some cases, the semiconductor structures are grown on
substrates selected from Al,O,, Ga,0;, MgO, LiF,
MgAl,0,, MgGa,0,, LiGaO,, LiAlO,, (AlLGa,_,),0;,
MgF,, LaAlO,, TiO, or quartz.

In some cases, the epitaxial oxide materials of the semi-
conductor structures described herein and the substrate
material upon which the semiconductor structures described
herein are grown are selected such that the layers of the
semiconductor structure have a predetermined strain. In
some cases, the epitaxial oxide materials and the substrate
material are selected such that the layers of the semicon-
ductor structure have in-plane (i.e., parallel with the surface
of the substrate) lattice constants (or crystal plane spacings)
that are within 0.5%, 1%, 1.5%, or 2% of an in-plane lattice
constant (or crystal plane spacing) of the substrate.

In other cases, a buffer layer including a graded layer or
region described herein can be used to reset the lattice
constant (or crystal plane spacing) of the substrate, and the
layers of the semiconductor structure have in-plane lattice
constants (or crystal plane spacings) that are within 0.5%,
1%, 1.5%, 2%, 5%, or 10% of the final (or topmost) lattice
constant (or crystal plane spacing) of the buffer layer.

Various embodiments relate to growth of a semiconductor
structure that has one or more graded layers or graded
regions containing epitaxial oxide materials. In some cases,
the epitaxial oxide materials of the graded layers described
herein a polar crystal structure, such as x-(Al,Ga,_,) O,
where O=x=<1, 1=y=<3, and 2=<7<4, which is grown along a
growth axis (growth direction), with a spontaneous polar-
ization axis of the crystal structure substantially parallel to
the growth axis. Such polar crystal structures are typically
characterized as having a crystal lattice possessing a non-
inversion symmetry, a spontaneous polarization axis and a
distinct growth orientation when deposited along a polar-
ization axis.

In some cases, the graded layers described herein contain
a layer of an epitaxial oxide material that has a changing
composition throughout the layer. For example, the graded
layer can contain k-(Al,Ga,_,),0,, where O=x=<1, 1=y=3,
and 2=<7=<4, and where the composition (or value of x)
changes throughout the layer. In some cases, the composi-
tion of the layer can change monotonically, linearly, expo-
nentially, or logarithmically through the graded layer. In
some cases, the epitaxial oxide material of the graded layer
can have a polar crystal structure of k-(AlGa,_,),0,, and
the layer can become n-type or p-type doped due to polar-
ization doping caused by the changing composition (and/or
strain) throughout the layer.

In some cases, the multilayer structures of the graded
regions described herein contain at least two distinct layers
formed of a substantially single crystal epitaxial oxide
semiconductor. In some embodiments, the layers of the
multilayer structures are thinner than 100 monolayers
(MLs), or thinner than 10 ML, or have thicknesses from 0
ML to 100 ML, or from 0.1 ML to 100 ML, or from 0.1 ML
to 10 ML. In some cases, the properties of the multilayer
structure are engineered by changing a composition of one
or more epitaxial oxide layers in the multilayer structure, or
a bulk or an average composition throughout the multilayer
structure. In some cases, the average composition of the
multilayer structure is changed monotonically along the
growth axis, for example by changing the compositions
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and/or thicknesses of the layers of the multilayer structure
along the growth axis. Such a change in average composi-
tion is also referred to herein as a graded region. In some
cases, one or more of the epitaxial oxide material(s) of the
multilayer structure of the graded region can have a polar
crystal structure and the region can have enhanced n-type or
p-type conductivity due to polarization doping caused by the
changing average composition (and/or strain) throughout the
layer.

In some embodiments, the composition of the epitaxial
oxide layers of the semiconductor structures described
herein comprise at least one type, or at least two types, of
cation (e.g., a metal atom cation) and oxygen. In some
embodiments, the composition of the epitaxial oxide graded
layers or regions is changed by changing a molar fraction of
one or more of the at least two types of cations in the
composition along the growth axis. In some embodiments,
the average composition of a multilayer structure of a graded
region is changed by changing thicknesses of one or more of
the at least two distinct layers of the multilayer structure. In
some embodiments, the at least two distinct layers have
thicknesses that are less than the de Broglie wavelength of
a charge carrier, for example, an electron or a hole, in the
respective layer. In some embodiments, the at least two
distinct layers also each have thicknesses that are less than
or equal to a critical layer thickness required to maintain
elastic strain.

In some embodiments, the composition of the graded
layers or regions described herein is changed monotonically
from a wider bandgap (WBG) material to a narrower band-
gap (NBG) material or from a NBG material to a WBG
material along the growth axis. In cases where one or more
epitaxial oxide materials of the graded layers or regions is a
polar material, then this can induce p-type or n-type con-
ductivity and make the graded layer or region p-type or
n-type. FIGS. 91F and 91G described above show example
band structures of graded epitaxial oxide layers, with mono-
tonically graded bandgaps along a growth direction,
between an NBG layer and a WBG layer.

For example, p-type conductivity can be induced by
growing the polar epitaxial oxide semiconductor with a
cation-polar crystal structure, such as a metal-polar crystal
structure, and changing the composition of the semiconduc-
tor monotonically from a WBG material to a NBG material
along the growth axis. Alternatively, p-type conductivity can
be induced by growing the polar epitaxial oxide semicon-
ductor with an anion-polar crystal structure, such as an
oxygen-polar crystal structure, and changing the composi-
tion of the semiconductor monotonically from a NBG mate-
rial to a WBG material along the growth axis.

For example, n-type conductivity can be induced by
growing the polar epitaxial oxide semiconductor with a
cation-polar crystal structure, such as a metal-polar crystal
structure, and changing the composition of the semiconduc-
tor monotonically from a NBG material to a WBG material
along the growth axis. Alternatively, n-type conductivity can
be induced by growing the polar epitaxial oxide semicon-
ductor with an anion-polar crystal structure, such as an
oxygen-polar crystal structure, and changing the composi-
tion of the semiconductor monotonically from a WBG
material to a NBG material along the growth axis.

Similarly, in some embodiments, a graded region with a
multilayer structure containing one or more polar epitaxial
oxide semiconductor materials is engineered, for example to
induce p-type or n-type conductivity, by changing an aver-
age composition of the multilayer structure monotonically
from an average composition corresponding to a wider
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bandgap (WBG) material to an average composition corre-
sponding to a narrower bandgap (NBG) material or from an
average composition corresponding to a NBG material to an
average composition corresponding to a WBG material
along the growth axis.

For example, p-type conductivity can be induced by
growing the multilayer structure with one or more polar
epitaxial oxide semiconductor materials with cation-polar
crystal structures, such as metal-polar crystal structures, and
changing the average composition of the multilayer structure
monotonically from an average composition corresponding
to a WBG material to an average composition corresponding
to a NBG material along the growth axis. Alternatively,
p-type conductivity can be induced by growing the multi-
layer structure with one or more polar epitaxial oxide
semiconductor materials with anion-polar crystal structures,
such as oxygen-polar crystal structures, and changing the
average composition of the multilayer structure monotoni-
cally from an average composition corresponding to a NBG
material to an average composition corresponding to a WBG
material along the growth axis.

For example, n-type conductivity can be induced by
growing the multilayer structure with one or more polar
epitaxial oxide semiconductor materials with cation-polar
crystal structures, such as metal-polar crystal structures, and
changing the average composition of the multilayer structure
monotonically from an average composition corresponding
to a NBG material to an average composition corresponding
to a WBG material along the growth axis. Alternatively,
n-type conductivity can be induced by growing the multi-
layer structure with one or more polar epitaxial oxide
semiconductor materials with anion-polar crystal structures,
such as oxygen-polar crystal structures, and changing the
average composition of the multilayer structure monotoni-
cally from an average composition corresponding to a WBG
material to an average composition corresponding to a NBG
material along the growth axis.

A complex semiconductor structure, for example, for use
in a semiconductor device, such as an LED, can be formed
from the graded layers or graded regions described herein,
along with other epitaxial oxide layers. For example, a
complex semiconductor structure can be formed by stacking
two or more semiconductor structures and/or semiconductor
superlattices contiguously on top of one another. In some
cases, a polarity-type of the material can be flipped between
two of the two or more contiguous semiconductor structures
and/or semiconductor superlattices.

For example, a light emitting diode (LED) structure, a
laser structure, or other semiconductor device structure (e.g.,
a photodetector, or a switch (transistor), can be formed using
a graded layer or graded region, for example, as an i-type
region, between a WBG n-type region and a NBG p-type
region, and/or by using the graded layer or graded region as
an n-type region or a p-type region. In such a way, a light
emitting diode (LED) structure can be formed such that
there are no abrupt changes in polarization at the interfaces
between each region.

FIG. 134 illustrates a metal-polar ‘p-UP’ LED structure
9600 for a metal-polar epitaxial oxide film growth with
respect to a growth axis 9610 (sometimes referred to as a
growth direction ‘z’). To achieve an induced hole concen-
tration beyond that achievable with impurity doping, polar-
ization doping, or a combination of polarization doping and
impurity doping can be used. In this example, the center
portion of the LED structure 9600 has a graded layer or
graded region 9650 that transitions from a WBG composi-
tion to a NBG composition with increasing growth along the
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growth axis 9610, which is parallel to the spontaneous
polarization axis. For example, one or more of the layers
and/or regions of structure 9600 can contain
K-(Al,Ga,_),0,, where O=x=1, 1=<y=<3, and 2=z=4.

Listed in order along the growth axis 9610, the LED
structure 9600 comprises a substrate 9620, a buffer or
dislocation filter region 9630, an n-type WBG region 9640,
the gradient region 9650, and a NBG p-type region 9660.
For example, the substrate 9620 can be substantially trans-
parent sapphire (a-Al,Os;, i.e., with a R3¢ space group), for
example, with a c-plane oriented sapphire (0001) surface,
and the gradient region 9650 can comprise (Al Ga,_,),0;
where O=x=1 with a Pna2l space group. Ohmic metal
contacts 9670 and 9672 are provided and an optical window
9680 may be provided to allow transmission of light from
the top of LED structure 9600. It will be appreciated that
light may instead, or additionally, be transmitted through the
substrate 9620. Furthermore, the buffer region 9630 may
instead, or as well, be a dislocation filter region.

The n-type WBG region 9640 is a doped region, for
example an n-type WBG layer, or an n-doped superlattice
(e.g., with constant period and constant effective alloy
composition). The graded layer or graded region 9650 can
then be formed on the n-type WBG region 9640 with an
average (or effective) alloy composition that varies as a
function of distance along the growth axis 9610. The graded
layer or graded region 9650 can form the desired variation
in band structure to form a transition from a WBG compo-
sition to a NBG composition. Optionally, at least a portion
of'the graded layer or graded region 9650 can be doped with
an impurity dopant. For example, an n-type or a p-type
impurity dopant could be optionally integrated into the
graded layer or graded region 9650. In some cases, the
graded layer or graded region 9650 comprises one or more
(Al ,\Ga,_,(2)),0; layers, where x(z) can vary from O to 1,
with a composition profile. For example, composition pro-
file °k’ can be selected to achieve the spatial profile of the
average alloy composition of each unit cell given by:
X e XX o= Xse—Xnsel ¥ (Z-2,)", where z_ is the start
position of the grading.

The NBG p-type region 9660 is deposited upon the
graded layer or graded region 9650. In some cases, the NBG
p-type region 9660 has a similar effective alloy composition
as the final composition achieved by the graded layer or
graded region 9650. This can mitigate a potential barrier
being induced at a heterojunction interface between the
graded layer or graded region 9650 and the NBG p-type
region 9660. In some forms the NBG p-type region 9660 is
a doped superlattice or bulk type epitaxial oxide layer.

A cap layer (e.g., NiO, LiF or NiGa,O,) can optionally be
deposited as a final layer to provide an improved ohmic
contact and a source of holes.

In some cases, the optical transparency of the substrate
9620 of the LED structure 9600 allows optical radiation
generated from within the graded layer or graded region
9650 to advantageously propagate out of the device through
the n-type WBG region 9640, through the buffer region
9630, and finally out through the substrate 9620 which has
low absorptive losses. Light can also escape vertically out
through the top of the structure 9600, but the NBG p-type
region 9660 effectively filters shorter wavelengths of light
and, accordingly, there can be an asymmetry in the wave-
length response for light output through the top and bottom
of the LED structure 9600. In some cases, light generated
from within the graded layer or graded region 9650 can also
escape laterally as a ‘waveguided” mode with a gradient
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refractive index, as a function of the growth axis 9610,
further confining light to within the plane.

FIG. 135 illustrates an oxygen-polar ‘p-DOWN’ LED
structure 9700 for an oxygen-polar epitaxial oxide film
growth with respect to a growth axis 9710. To achieve an
induced hole concentration beyond that achievable with
impurity doping alone, the center portion of the LED struc-
ture 9700 has a graded layer or graded region 9750 that
transitions from a NBG composition to a WBG composition
with increasing growth along the growth axis 9710, which is
substantially parallel to the spontaneous polarization axis, in
this case the c-axis of the wurtzite crystal structure. For
example, one or more of the layers and/or regions of
structure 9600 can contain K-(Al Ga,_,),O,, where O=x=l,
1=y=3, and 2<7=<4.

Listed in order along the growth axis 9710, the LED
structure 9700 comprises a substrate 9720 which is in the
form of a substantially opaque substrate such as Ga,O;, a
buffer region 9730, a NBG p-type region 9740, the graded
layer or graded region 9750, and an WBG n-type region
9760. Ohmic metal contacts 9770 and 9772 are provided and
an optical window 9780 may be provided to allow trans-
mission of light from the top of LED structure 9700. It will
be appreciated that the buffer region 9730 may instead, or as
well, be a dislocation filter region.

The NBG p-type region 9740 is a doped region, for
example, a p-type NBG layer or a p-doped superlattice (e.g.,
with constant period and constant effective or average alloy
composition (with x,,,=NBG composition)). The graded
layer or graded region 9750 is then formed on the NBG
p-type region 9740 with an average (or effective) alloy
composition that varies as a function of growth axis 9710.
The graded layer or graded region 9750 can form the desired
variation in band structure to form a transition from a NBG
composition to a WBG composition. Optionally, at least a
portion of the graded layer or graded region 9750 can be
doped with an impurity dopant. For example, the gradient
region 9750 can comprise (Al (z)Ga,_,,)),0; or an [Al,O,/
Ga,0;] superlattice with a composition profile ‘k’ of x .. =x
(D XysotXpso—Xnpal*(2-2,)"

The WBG n-type region 9760 is deposited upon the
graded layer or graded region 9750. In some cases, WBG
n-type region 9760 has a similar effective alloy composition
as the final composition achieved by the graded layer or
graded region 9750. This can mitigate a potential barrier
being induced at the heterojunction interface between the
graded layer or graded region 9750 and the WBG n-type
region 9760. In some forms, the WBG region is a doped
superlattice or bulk type epitaxial oxide layer.

A cap layer (e.g., NiO, LiF or NiGa,O,) can optionally be
deposited to provide an improved ohmic contact and a
source of electrons.

In some cases, the LED structure 9700 illustrated in FIG.
135 can be formed using opaque substrates 9720, such as
Ga,0;, which have a high absorption coefficient for optical
wavelengths generated from within the graded layer or
graded region 9750. Light can escape vertically through an
optical outlet, such as in the form of an aperture and/or
window 9780 in a suitable ohmic contact material 9772.
Shorter wavelength light is preferentially absorbed in the
NBG regions creating further electrons and holes through
re-absorption.

Superlattice structures may be used to improve material
structural crystal quality (lower defect density), improve
electron and hole carrier transportation, and produce quan-
tum effects that are only accessible at such small length
scales. Unlike bulk type epitaxial oxide materials, superla-
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ttices introduce new and advantageous physical properties,
particularly in relation to diode and LED structures, such as
those illustrated in FIGS. 134 and 135. A homogeneous
period superlattice comprising at least two dissimilar semi-
conductor compositions, such as bilayered pairs of
K-(Al,Ga,_),0,, where O=x=l, l<y=<3, and 2=z=<4, where
one layer is an NBG and the other layer is a WBG (by
changing the composition, or the value of x, between the
layers), can be engineered to provide both (i) superlattice
quantized miniband transport channels substantially along
the growth axis (z), both in the tunnel barrier regime and
above barrier regime; and (ii) improved carrier mobility
within the plane of the superlattice layers by virtue of both
periodicity induced and bi-axial strain induced band defor-
mation so as to warp the energy-momentum dispersion. The
superlattice can also mitigate strain accumulation by depos-
iting the constituent layers below their critical layer thick-
ness. The superlattice having tailored conduction and
valence band allowed energies and spatial wavefunction
probabilities can be manipulated by the large built-in electric
fields, such as the depletion fields described herein. For
example, a constant period superlattice can be grown to
exhibit a highly coupled structure and generate an efficient
carrier transport channel through the structure along the
growth axis. The highly coupled nature of the partially
delocalized wavefunctions can be readily broken by large
internal electric fields, rendering the coupled NBG layers
essentially isolated (that is, no communication between
adjacent NBG regions). This can be advantageous for LED
applications.

The superlattice quantized miniband transport channels
improve transport along the growth axis (z) and can be used
to generate selective energy filters. The improved carrier
mobility can be used to dramatically reduce current crowd-
ing limitations in conventional device designs comprising
mesa type structures. Conversely, the same superlattice
structure can be altered in operation by being subjected to
large electric fields, such as the depletion regions generated
in the structures disclosed herein.

K-(ALGa, ) O, has a direct bandgap over the range
O=xx<1, and can be used as emitters or absorber materials in
optoelectronic devices. Optical absorption and emission
processes therefore occur as vertical transitions in the
energy-momentum space and primarily as first order pro-
cesses without phonon momentum conservation. The super-
lattice periodic potential, which is also on the length scale of
the de Broglie wavelength, modulates the atomic crystal
periodicity with a superposed superlattice potential which
thereby modifies the energy-momentum band structure in a
non-trivial way.

FIG. 136 shows a semiconductor structure (or stack)
91200 for generating electrical and optical portions of a p-n
diode according to some embodiments. The stack 91200
comprises a substrate SUB. The SUB is made of a material
91208 that is compatible with the epitaxial oxide materials
(91206, 91207, 91209 and 91210) in stack 91200. The stack
can be formed by an epitaxial growth technique along
growth axis 91205. A n-type WBG buffer layer (n:WBG)
91210 is deposited as a bulk-like alloy or as a fixed average
composition unit cell superlattice on the SUB. Next, an
n-type SL (n:SL) is formed from alternating epitaxial oxide
materials 91207 and 91209, with a constant average alloy
content between the two epitaxial oxide materials xave_n.
For example, the n:SL can be a 50 period SL, with a unit cell
having an 8 ML layer of material 91209 and a 2 ML layer
of material 91207, such that the n:SL has an xave_n=0.8. In
some embodiments, the unit cell thicknesses 91211 and
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layer thicknesses are selected to form an n:SL that is
substantially transparent (not absorbing) to a desired emis-
sion wavelength.

Next a chirp layer (i:CSL) that is not intentionally impu-
rity doped is formed. The 1:CSL is used to induce a large
hole concentration deep within the device that is free from
substitutional impurity doping limitations. The i:CSL varies
at least an average composition of a unit cell spatially along
the growth axis from a WBG composition to a NBG
composition. For example, the grading may be selected to
occur over 25 unit cells (i.e. 25 periods) with each unit cell
total thickness 91212 held constant while the average alloy
content is varied, with the WBG composition having
xave_CSL=0.8 and the NBG composition having
xave_CSL=0.0. An optional contact layer 91213 comprising
a p-type epitaxial oxide material (p:NGB) is deposited upon
the completed i:CSL. It is also possible to vary the unit cell
thickness of the i:CSL as a function of the growth axis so
long as the average composition of the unit cell follows the
correct grading as disclosed herein.

In an example, the i:CSL and the n:SL can be formed of
bilayered unit cells comprising a layer 91207 of
(Al Ga,_,),0,, where Osx1=1, 1<y=3, and 2=z=<4, and a
layer 91209 of (Al,,Ga, _,,),0,, where 0=x2<1, 1<y=3, and
2=<7=<4, and where x1/x2. Other choices of chirp layer
compositions are also possible, and the composition of the
unit cells can also be altered from period to period.

FIG. 137 shows a semiconductor structure (or stack)
91300 for generating electrical and optical portions of a
p-i-n diode according to some embodiments. The superlat-
tices are again constructed from unit cells 91310 and 91313
having binary epitaxial oxide layers 91207 and 91209 and a
metal-polar growth. However, stack 91300 comprises an
additional i-type SL (i:SL) with unit cells 91311 that is not
intentionally doped. The i:SL is formed upon the n:SL. The
i:SL is tuned specifically to achieve an emission energy of
light that is substantially smaller in energy than that which
the n:SL can absorb (i.e., the absorption edge of the n:SL is
designed to have an energy larger than the emission energy
of'the i:SL). In some cases, the period of the unit cell of the
superlattice in the 1:SL is longer than the period of the n:SL,
and the light emitted from the i:SL passes through the
substrate before leaving the device.

In some cases, both the n:SL and i:SL have the same
average alloy composition, and their periods can be the same
or different. Thus polarization charges are balanced and do
not induce p-type or n-type behaviour. This is particularly
advantageous for creating an improved electron and hole
recombination region within the device. The chirp layer
(1:CSL) is formed with a unit cell that is varied from a WBG
average composition to a NBG average composition. The
1:CSL unit cell thickness is held approximately constant. The
thickness of the layers in each successive unit cell are altered
in incremen'A(e.g., of ¥2 ML, or 1 ML) in order to achieve
a desired grading profile along the growth axis 91205. The
p:NBG layer 91313 has a top surface 91305, upon which a
metal contact can be formed, in this example.

FIG. 138 illustrates a further gradient pattern growth
sequence for a gradient region with a chirped bilayer period
and constant x,,,, superlattice structure. Each of the sections
(A'S,-A*SL) comprises a superlattice (e.g., w N,=25 rep-
etitions), and the superlattices are sequentially stacked with
incrementally varied periods. The average alloy content of
each superlattice and between each superlattice is kept
constant. However, the period of the unit cell in each stack
is varied by varying the thickness of the layers of the unit
cells of the superlattices.
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The chirp layers with graded multilayer structures
described herein can have varying bilayer periods through-
out the structure such that there is no unit cell that is
repeated. In other cases, the graded multilayer structures can
have some unit cells that do repeat, as in the example above.

Native or non-native substrates can be used for oxide
layer epitaxy. Some examples of substrates for the epitaxial
oxide deposition of the materials described herein (e.g., the
materials shown in FIGS. 28, 76A-1, 76A-2 and 76B) are
Al O, (any crystal symmetry, and C-plane, R-plane, A-plane
or M-plane oriented), Ga,O; (any crystal symmetry), MgO,
LiF, MgAL,0,, MgGa,0,, LiGa0,, LiAlO,, (Al Ga,_,),0,,
where O=x<1, 1=y=<3, and 2<7<4 (any crystal symmetry),
MgF,, LaAlO;, TiO,, or quartz.

Sapphire (e.g., specific orientations of a-Al,O;) offers a
compelling commercial and technological utility for oxide
layer epitaxy due to the mechanical hardness, deep UV
optical transparency, a wide bandgap, and its insulating
properties. Sapphire is readily grown using bulk crystal
growth methods such as CZ and is manufacturable as
extremely high quality structural quality single crystal
wafers, available in predominately, R-plane, C-plane,
M-plane, and A-plane. C-plane sapphire is an important
template surface compatible with epitaxial oxide layers.

For the applications discussed herein, there is a preferred
method for preparing C-plane sapphire surface for achieving
high quality metal-polar or oxygen-polar epitaxial oxide
films (e.g., Al,O; with a Pna21 crystal structure). Sapphire,
unlike wurtzite and zinc-blende crystals, has a more com-
plex crystal structure. Sapphire is represented by a complex
12 unit cell comprising of oxygen planes interposed with
buckled bilayers of Al atoms. Furthermore, C-plane sapphire
exhibits a mechanical hardness much higher than R-plane
sapphire and thus polishing damage or polishing induced
work hardening can readily impede production of atomically
pristine surface species. Even though chemical cleaning can
be used to produce a contaminant free surface, and the bulk
sapphire substrate shows excellent single crystal quality, the
surface investigated by reflection high energy electron dif-
fraction (RHEED) exhibits a signature of C-plane sapphire
which is always indicative of an atomically rough and
non-homogeneous surface. Surface steps in sapphire also
readily expose mixed oxygen and atomic crystalline regions
which directly affect the initiating epitaxial oxide polarity
during epitaxy, and typically results in polarity inversion
domains (PIDs).

The first surface of the initiating template may be termi-
nated in a substantially atomically flat and homogeneous
surface termination species.

FIG. 139 illustrates a broad flow diagram for forming
semiconductor structures having a graded layer or graded
region. First, a gradient pattern growth sequence is selected
(step 9010), then an appropriate substrate is selected (step
9020), and finally the selected gradient pattern is formed on
the substrate (step 9030). The gradient pattern growth
sequence is selected (step 9010) such that it transitions from
a WBG to a NBG or from a NBG to a WBG material along
the grown axis (z). Additional layers, such as a buffer or
dislocation filter region, may also be grown depending on
the desired structure.

Chirp Layers

The present disclosure describes semiconductor structures
with one or more chirp layers containing epitaxial oxide
materials. In some cases, the chirp layers contain an epi-
taxial oxide multilayer structure (or a plurality of epitaxial
oxide layers) where the average composition of the multi-
layer structure changes throughout the chirp layer. The
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average composition of the chirp layer can be changed (or
graded) by changing the thicknesses of the epitaxial oxide
layers within the multilayer structure. Additionally, the
compositions of the epitaxial oxide layers within the mul-
tilayer structure can also be changed to further change the
average composition of the structure throughout the chirp
layer.

The epitaxial oxide layers in the chirp layers described
herein can be i-type (i.e., intrinsic, or not intentionally
doped), n-type, or p-type. The epitaxial oxide layers that are
n-type or p-type can contain impurities that act as extrinsic
dopants. In some cases, the n-type or p-type layers contain
polar epitaxial oxide materials (e.g., K-(Al,Ga,_,),O, where
O=x=1, 1=y=3, and 2=<7=<4 (with a Pna21 space group)), and
the n-type or p-type conductivity can be induced via polar-
ization doping (e.g., due to a strain within the layer(s)).

The epitaxial oxide materials contained in the semicon-
ductor structures described herein can be any of those shown
in the table in FIG. 28 and in FIGS. 76A-1, 76A-2 and 76B,
for example, (Al,Ga,_,),0; where 0=x<l1; (Al,Ga,_,),0,
where O=x<1, 1=y=3, and 2=<7=4 (with a space group that is
R3c (i.e., o), Pna2l (i.e., x), C2m (i.e., p), Fd3m, and/or [a3
(ie., d); NiO; (Mg Zn, ) (AlLGa, ), 05, where
O=x<l, O<y=<l and O=z=1; (Mg, Ni,_,),(AL,Ga,_,),;,_,Os3_5,
where O=x<l, O=y=l and O=z=l; MgAl,O,; 7ZnGa,0,;
(Mg, Zn Ni,_, )(AlGa,_,),0, where 0=x<1, O<y=1 (e.g,,
(Mg, Zn, _J(Al),0,), or (Mg)(ALGa,_,),0,); (ALGa,_,),
(Si,Ge;_,)O5 where Osx=l1 and 0=z<l; (Al Ga,_ ),LiO,
where O=x=<l; and (Mg, Zn,_, Ni ),GeO, where O=x=I,
O=y=l.

In some cases, the multilayer structures of the chirp layer
can contain alternating layers of a wider bandgap epitaxial
oxide material layer and a narrower bandgap epitaxial oxide
material layer that change compositions and/or thicknesses
throughout the chirp layer. The difference in bandgaps
between the wider bandgap and the narrower bandgap
epitaxial oxides can be of any height greater than about 100
meV, such as from 0.1 eV to 2 eV, or from 0.3 eV to 2 €V,
or from 0.5 eV to 10 eV. In some cases, the multilayer
structures of the chirp layer can contain layers of three or
more layers of epitaxial oxide materials that repeat in
sequence (e.g., with different compositions and/or thick-

nesses).

The chirp layers described herein can contain a graded
multilayer  structure having a  wider bandgap
(Al,Ga, ,,),0, layer and a narrower bandgap

(Al,Ga,_,,),0, layer, where O=x1x1, O=x2<l, x is different
in each composition, the difference in bandgap between the
layers is from 0.1 eV to 2 eV and/or the difference in
between x1 and x2 is from 0.1 to 1, and where the compo-
sitions and/or thicknesses of the layers change throughout
the multilayer structure. For example, a chirp layer can
contain a multilayer structure with repeating pairs of a wider
bandgap (Al Ga, ), O, layer and a narrower bandgap
(AlLGa,_,),0, layer, where: O<x<l for both compositions
(i.e., both compositions are ternary materials); x is different
in each composition; the difference in bandgap between the
layers is from 0.1 eV to 2 eV and/or the difference in x
between the layers is from 0.1 to 1; and where the thick-
nesses of the wider bandgap layers and/or the thicknesses of
the narrower bandgap layers change through the thickness of
the chirp layer. By changing the thicknesses (or the relative
thickness between the layers) through the multilayer struc-
ture, the average composition will change throughout the
chirp layer. In some cases, the composition(s) of the wider
bandgap layers and/or of the narrower bandgap layers
change(s) through the thickness of the chirp layer, in addi-
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tion to, or instead of, the thicknesses of the wider bandgap
layers and/or the thicknesses of the narrower bandgap layers
changing through the thickness of the chirp layer.

In another example, a chirp layer described herein can
contain a multilayer structure with a first layer of
(Al,Ga,_,),0, where O=x<l, 1=<y=<3, and 2=z=<4, and a
second layer, where the material of the second layer is
selected from (Al Ga,_,),0; where O=x<l; (Al,Ga,_,) 0O,
where O=x<1, 1=y=<3, and 2=<7=4 (with a space group that is
R3c (ie., o), Pna2l (i.e., x), C2m (i.e., B), Fd3m, and/or [a3
(ie, 9)); NiO; (Mg, Zn, ,).(ALGa,_),,_,O;_,, where
0=x<l1, O<y=<l and O=z=1; (Mg, Ni,_,),(ALGa,_,)»;; O3 5,
where O=x<l, O=<y=l and O=z=<l; MgAl,O,; ZnGa,0,;
Mg, Zn Ni, )AL Ga, ),0, where O=xs<1, O<y=l (e.g,
(Mg, Zn,_,)(Al),0,), or (Mg)(ALGa,_,),0.,); (ALGa,_,),
(Si,Ge;_,)O5 where 0Osx=1 and 0=z<l; (Al Ga,_,),LiO,
where O=x=<1; (Mg,Zn,_. Ni ),GeO, where O=x<1, O=y=l;
and/or other epitaxial oxide materials from FIGS. 28, 76 A-1,
76A-2 and 76B and where the compositions and/or thick-
nesses of the first and/or second layers change throughout
the multilayer structure.

In another example, a chirp layer described herein can
contain a multilayer structure with a first layer and a second
layer, where the materials of the first and second layers are
selected from (Al Ga,_,),0; where O=x<l; (Al,Ga,_,) 0O,
where O=x<1, 1=y=<3, and 2=<7=4 (with a space group that is
R3c (i.e., @), Pna2l (ie., x), C2m (i.e., pB), Fd3m (i.e., y)
and/or a3 (i.e., 8)); NiO; (Mg, Zn, ). (ALGa, ), 05 5,
where O=x=<l, O=y=l and O=z=l; (MgNi,_,),
(AL Ga,_ ), 05, where Osxs<l, Osysl and Oszsl;
MgAl,0,; ZnGa,0,; (Mg, Zn Ni,_, (Al Ga,_,),0, where
O=x=<l, O=y=l (e.g, (Mg Zn, )(A]),O,), or (Mg)
(Al Ga,_),0,); (ALGa, ),(SiGe, )Os; where Osxsl
and O=<z=l; (ALGa,_,),Li0, where O=x=l;
Mg, Zn, . Ni ),GeO, where O=x=l, O<ysl; and/or other
epitaxial oxide materials from FIGS. 28, 76 A-1, 76A-2 and
768 and where the compositions and/or thicknesses of the
first and/or second layers change throughout the multilayer
structure.

In some embodiments, the epitaxial oxide materials in the
semiconductor structures described herein can each have a
cubic, tetrahedral, rhombohedral, hexagonal, and/or mono-
clinic crystal symmetry. In some embodiments, the epitaxial
oxide materials in the semiconductor structures described
herein comprise (Al,Ga,_,),0, with a space group that is
R3¢, Pna21, C2m, Fd3m and/or Ia3.

In some cases, the semiconductor structures are grown on
substrates selected from Al,O; (any crystal symmetry, and
C-plane, R-plane, A-plane or M-plane oriented), Ga,O; (any
crystal symmetry), MgO, LiF, MgAl,0,, MgGa,0,,
LiGa0,, LiAlO,, (Al,Ga,_,),0,, where O=x<l, 1=<y=<3, and
2=<7=<4 (any crystal symmetry), MgF,, LaAlO;, TiO,, or
quartz.

In some cases, the epitaxial oxide materials of the semi-
conductor structures described herein and the substrate
material upon which the semiconductor structures described
herein are grown are selected such that the layers of the
semiconductor structure have a predetermined strain. In
some cases, the epitaxial oxide materials and the substrate
material are selected such that the layers of the semicon-
ductor structure have in-plane (i.e., parallel with the surface
of the substrate) lattice constants (or crystal plane spacings)
that are within 0.5%, 1%, 1.5%, or 2% of an in-plane lattice
constant (or crystal plane spacing) of the substrate.

In other cases, a buffer layer including a graded layer or
region described herein can be used to reset the lattice
constant (or crystal plane spacing) of the substrate, and the
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layers of the semiconductor structure have in-plane lattice
constants (or crystal plane spacings) that are within 0.5%,
1%, 1.5%, 2%, 5%, or 10% of the final (or topmost) lattice
constant (or crystal plane spacing) of the buffer layer.

The present disclosure describes semiconductor devices
requiring electrons to travel from a wide bandgap region to
a narrow bandgap region with structures that are engineered
in such a way that the electron energy is released in small
steps as the electrons travel from the wide bandgap region to
the narrow bandgap region. In some embodiments, the
structures of the present devices mitigate or eliminate struc-
tural device changes due to hot electrons, and as a result
have improved lifetimes compared to conventional devices.
Some examples of semiconductor devices that can benefit
from the present embodiments are short wavelength light
emitting diode (LED) devices (e.g., UV-C LEDs), LEDs
with other wavelengths (e.g., UV-A LEDs), bipolar junction
transistors, power transistors, vertical field-effect transistors,
and semiconductor lasers. The semiconductor structures
described herein can contain epitaxial oxide layers, for
example, the materials shown in FIGS. 28, 76 A-1, 76A-2
and 76B. Some examples of materials systems that can be
used in the present devices are (Al Ga,_,),O, where O=xx<1,
l=y=3, and 2=<7z=4, such as Ga,0,/(Al,Ga),0;/A1,0;;
(Mg, Zn, _),(Al,Ga,_,)5¢_.y05_,,, where O=x<1, O<y=<1 and
O<z=<1; and (MgNi, ), (ALGa,_),,_,yO5_,,, where
O=x<1, O<y=1 and O=z=<l1.

In some embodiments, a semiconductor device contains a
plurality of semiconductor layers comprising wide bandgap
semiconductor layers, a narrow bandgap semiconductor
layer, and a chirp layer between the wide bandgap semicon-
ductor layers and the narrow bandgap semiconductor layer.
The terms “wide bandgap” and “narrow bandgap” are rela-
tive to one another, and the important property of the present
devices is that the difference between bandgaps (or effective
bandgaps in the case of layers containing superlattices) of
layers in the structure is relatively large. The difference
between bandgaps (or effective bandgaps in the case of
layers containing superlattices) in the layers in the present
structures can be greater than 1.0 eV, or greater than 1.5 eV,
or greater than 2.0 eV, or greater than 2.5 eV, or greater than
3.0 eV, or greater than 3.5 eV, or greater than 4.0 eV, or from
1eVto4eV,orfrom2eV to 5 eV, in different embodiments.
For example, a wide bandgap layer can have a bandgap of
about 6 eV, and a narrow bandgap layer can have a bandgap
of'about 3 eV to 5 eV. In another example, the wide bandgap
layer has a bandgap about 8 eV, and the narrow bandgap
layer has a bandgap from 5 eV to 7 eV.

The term “chirp layer” as used herein refers to a layer that
contains a multilayer structure containing wide bandgap
layers and narrow bandgap layers, wherein the thicknesses
and/or compositions of the wide bandgap layers and/or
narrow bandgap layers vary monotonically or non-mono-
tonically throughout the chirp layer. A chirp layer has a
similar structure as a uniformly periodic superlattice, but the
chirp layer is not composed entirely of periodic unit cells. In
some cases, chirp layers can contain regions with periodic
unit cells, however, chirp layers also have varying thick-
nesses and/or compositions and therefore are not composed
entirely of periodic unit cells.

FIG. 140A shows an epitaxial oxide semiconductor struc-
ture with an epitaxial oxide layer 10110 containing a wide
bandgap semiconductor, and an adjacent epitaxial oxide
layer 10130 containing a narrow bandgap semiconductor.
FIG. 140B shows a semiconductor structure with an epi-
taxial oxide layer 10110 containing a wide bandgap semi-
conductor, an epitaxial oxide layer 10130 containing a
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narrow bandgap semiconductor, and an epitaxial oxide chirp
layer 10120 between layers 10110 and 10130. The semi-
conductor structures 10100 and 10101 can contain epitaxial
oxide layers comprising the materials shown in FIGS. 28,
76A-1, 76A-2 and 76B. Some examples of materials sys-
tems that can be used in structures 10100 and 10101 are
(Al Ga,_,),0, where O<x=<l, 1=y=3, and 2=<z=4, such as
Ga,0;/(Al,Ga),0,/Al,0;; (ngan_x)Z(AlyGal_y)z(l_z)
O;_,., where O=x<l, O<y=l and 0O=z=<l; and (Mg Ni,_,).
(ALGa,_,)5(,_»O;5_,,, where O=x<l, O<y=<l and O<z<1. The
epitaxial oxide materials in structures 10100 and 10101 can
each have a cubic, tetrahedral, rhombohedral, hexagonal,
and/or monoclinic crystal symmetry. In some embodiments,
the epitaxial oxide materials in structures 10100 and 10101
comprise (Al Ga,_,),0; with a space group that is R3c,
Pna21, C2m, Fd3m and/or 1a3. The crystal symmetry (and/
or space groups) of the epitaxial oxide layers in structures
10100 and 10101 can be the same or different between the
layers.

FIG. 140C illustrates an electron 10111 moving through
the structure 10100 from left to right in the figure. When the
electron 10111 moves from the epitaxial oxide layer 10110
to the epitaxial oxide layer 10130 it loses a large amount of
energy 10112 in a single step (as depicted by the multiple
curved lines 10112 around the electron in epitaxial oxide
chirp layer 10130). FIG. 140D illustrates an electron 10113
moving through the structure 10101 (containing the epitaxial
oxide chirp layer 10120) from left to right in the figure. The
wide bandgap epitaxial oxide layers 10120q and the narrow
bandgap epitaxial oxide layers 101205 in epitaxial oxide
chirp layer 10120 are shown in this figure as well. In some
cases, epitaxial oxide layers 10110, 10120 and 10130 are
composed of the same wide bandgap materials (e.g.,
(Al Ga, ), 0, with a high Al content, e.g., x greater than or
equal to 0.3) and the same narrow bandgap materials (e.g.,
(Al,Ga,_,), 0, with a low Al content, e.g., x less than 0.3).

In some embodiments, epitaxial oxide layer 10110 con-
tains a first set of wide bandgap materials, epitaxial oxide
layer 10120 contains a second set of wide bandgap materials
and narrow bandgap materials, and epitaxial oxide layer
10130 contains a third set of narrow bandgap materials,
where the first, second and third sets of materials can be the
same or different from one another. For example, the first set
of wide bandgap materials in layer 10110 can contain
Mg Ni,_),(ALGa,_,),_,yO5_,, with a composition pro-
viding a wide bandgap, and the chirp layer 10120 can
contain a chirp layer composed of (MgNi, ).
(AlL,Ga,_ ), ,Os_,, layers with compositions providing
narrow and wide bandgaps, and layer 10130 can contain
Mg Ni,_),(ALGa,_,),_,yO3_,, with a composition pro-
viding a narrow bandgap. The example shown in FIG. 140D
depicts the thickness of the wide bandgap epitaxial oxide
layers 10120a in the epitaxial oxide chirp layer 10120
changing in a certain way through the epitaxial oxide chirp
layer 10120, and the narrow bandgap epitaxial oxide layers
101205 in the epitaxial oxide chirp layer 10120 changing
thickness in a certain way through the epitaxial oxide chirp
layer 10120. However, in other embodiments, the thick-
nesses of the wide and/or narrow bandgap epitaxial oxide
layers in the epitaxial oxide chirp layer can change thickness
in other ways not shown in FIG. 140D. In the embodiment
shown in FIG. 140D, the electron 10113 loses small amounts
of energy 10114 in several steps as it moves through the
epitaxial oxide chirp layer 10120 (as depicted by the single
curves lines 10114 around the electron in epitaxial oxide
layers 10120 and 10130). This is advantageous, because
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electrons releasing large amounts of energy in a semicon-
ductor device can lead to device degradation.

The epitaxial oxide structures shown in FIGS. 140A-
140D can be incorporated into any semiconductor device
where electrons move from regions containing wider band-
gap semiconductors to regions containing narrower bandgap
semiconductors, such as short wavelength light emitting
diode (LED) devices (e.g., UV-C LEDs), LEDs with other
wavelengths (e.g., UV-A LEDs), bipolar junction transistors,
power transistors, vertical field-effect transistors, and semi-
conductor lasers. In some cases, incorporating a structure
similar to structure 101 into any of the above semiconductor
devices can improve the lifetime (i.e., reduce degradation
over time) of the device.

FIGS. 91H and 911 described above show example band
structures of epitaxial oxide chirp layers, comprising, and
positioned between, a wide bandgap material and a narrow
bandgap material.

In some embodiments, the wide bandgap epitaxial oxide
layers contain an n-type material (e.g. (MgNi,_,).
(ALGa,_ ), Os_,,), which can be arranged in a single
layer, multiple layers, a short-period superlattice (SPSL), or
any other structural form. In some embodiments, the narrow
bandgap epitaxial oxide layers contain a p-type material in
any of the forms described above. For example, an epitaxial
layer comprising (Al,Ga,_,),0O; can be doped p-type using
Li. In other cases, an epitaxial material can be doped p-type
using an extrinsic dopant that is co-deposited with the
epitaxial oxide layer, or doped using another structure or
method. In some embodiments, a not intentionally doped
layer is placed between the n-type or p-type material and the
not intentionally doped epitaxial oxide chirp layer. The term
“not intentionally doped” as used herein refers to a semi-
conductor layer that does not have a chemical dopant (i.e.,
impurity atoms) intentionally added, but rather is chemically
doped due to defects and/or impurities that are not inten-
tionally introduced during growth. In some cases, a not
intentionally doped layer (i.e., with a low doping density due
to chemical doping) can have a high carrier concentration
(e.g., a high hole concentration) due to polarization doping.

In some embodiments, the epitaxial oxide chirp layer is
not intentionally doped. In some embodiments, the epitaxial
oxide chirp layer has a high carrier concentration due to
polarization doping. In some embodiments, the epitaxial
oxide chirp layer is intentionally doped (e.g., heavily doped,
moderately doped, lightly doped, n-type doped, or p-type
doped).

The epitaxial oxide chirp layer can contain alternating
epitaxial oxide layers, such as thin (e.g., less than approxi-
mately 5 nm thick) alternating wide bandgap epitaxial oxide
layers (barriers) and narrow bandgap epitaxial oxide layers
(quantum wells). The epitaxial oxide chirp layer can contain
wide and narrow bandgap epitaxial oxide materials where
the wide and/or narrow bandgap epitaxial oxide materials
can each contain 2, 3, 4, 5, 6 or more than 6 elements, where
the composition of each epitaxial oxide material can be
tuned to provide an intended bandgap for a layer in the
structure. For example, the epitaxial oxide chirp layer can
contain alternating layers of (Al,Ga,_,),O; where O=x<l;
(AlLGa, )0, where O=x=<l, 1=<y=3, and 2=z=<4 (with a
space group that is R3¢ (i.e., a), Pna2l (i.e., x), C2m (i.e.,
p), Fd3m (i.e., v) and/or 1a3 (i.e., 9)); NiO; (Mg, Zn,_,),
(ALGa,_ ), Os_, where Osxs<l, Osys<l and Oszsl;
(Mg, Ni,_),(Al,Ga,_,),_,,0;5_,, where O=x=<1, O<y=1 and
O=<z=l; MgAl,O,; ZnGa,0,; (Mg, Zn Ni,_, )
(ALGa,_),0, where O=x<l, O<y=<l (e.g, (Mg,/Zn, )
(AD),0,), or (Mg)(ALGa,_,),0,); (Al,Ga,_,),(S1.Ge,_,)Os
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where O=x=<1 and 0=z=<l; (ALGa,_,),LiO, where O=x<l;
Mg, Zn, . Ni ),GeO, where O=x=l, O<ysl; and/or other
epitaxial oxide materials from FIGS. 28, 76 A-1, 76A-2 and
768, where the compositions of the alternating epitaxial
oxide layers are chosen such that one epitaxial oxide layer
is a wide bandgap layer and the other epitaxial oxide layer
is a narrow bandgap layer. In some embodiments, the
thicknesses of the wide and/or narrow bandgap epitaxial
oxide layers vary throughout the epitaxial oxide chirp layer.
In some embodiments, the thicknesses and/or compositions
of the wide and/or narrow bandgap epitaxial oxide layers
vary throughout the epitaxial oxide chirp layer. In some
embodiments, the epitaxial oxide chirp layer contains alter-
nating layers of material with different bandgaps, where the
materials are not necessarily narrow and wide bandgap
semiconductors (as described herein). For example, the
epitaxial oxide chirp layer can contain alternating epitaxial
oxide layers where both layers are wide bandgaps layers
(with different bandgaps from each other). In some embodi-
ments, the epitaxial oxide chirp layer is designed to mitigate
the concentration (or flux) of hot electrons, for example, by
tuning the thicknesses of the barriers and wells within the
epitaxial oxide chirp layer to optimize the energy and
probability of the allowed intersubband transitions for elec-
trons within the epitaxial oxide chirp layer.

Not to be limited by theory, if the barriers and wells in the
epitaxial oxide chirp layer are designed such that the elec-
trons moving through the epitaxial oxide chirp layer have
fewer possible high energy intersubband electron transi-
tions, then there will be less opportunity for the electrons to
release large amounts of energy during intersubband tran-
sitions. In some embodiments, the values of overlap inte-
grals between different electron wavefunctions in a conduc-
tion band of the not intentionally doped epitaxial oxide chirp
layer are less than 0.05 for intersubband transition energies
greater than 1.0 eV, when the device is under operation. In
some embodiments, the overlap integrals between different
electron wavefunctions are evaluated when the device is
biased to approximately a flatband condition, or with a
potential similar to an operating potential for the device. The
overlap integral between two electron wavefunctions is the
probability of an electron transition from one wavefunction
to the other, where a high value indicates a high probability
of transition and a low value indicates a low probability of
transition. Similarly, the overlap of an electron wavefunction
with a particular point in space can also be determined,
which describes the probability of the electron existing at the
point in space. For example, the overlap of a wavefunction
with a point in space can be used to determine the prob-
ability of an electron with that wavefunction interacting with
a feature (e.g., a defect) at that point in space.

In some embodiments, the thickness of the quantum wells
and the barriers within one or more regions of the epitaxial
oxide chirp layer are chosen such that the values of the
overlap integrals between different electron wavefunctions
in the conduction band of the not intentionally doped
epitaxial oxide chirp layer are less than 0.2, or less than 0.15,
or less than 0.1, or less than 0.05 for intersubband transition
energies greater than 0.1 eV, or greater than 0.2 eV, or
greater than 0.3 eV, or greater than 0.4 eV, or greater than 0.5
eV, or greater than 0.6 eV, or greater than 0.7 eV, or greater
than 0.8 eV, or greater than 0.9 eV, or greater than 1.0 eV, or
greater than 1.1 eV, or greater than 1.2 eV, or greater than 1.4
eV, or greater than 1.6 eV, or greater than 1.8 eV, or greater
than 2.0 eV. In some embodiments, the thickness of the
quantum wells and the barriers within one or more regions
of the epitaxial oxide chirp layer are chosen such that the
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values of the overlap integrals between different electron
wavefunctions in the conduction band of the not intention-
ally doped epitaxial oxide chirp layer are less than 0.2, or
less than 0.15, or less than 0.1, or less than 0.05 for
intersubband transition energies greater than the activation
energies of one or more defect species within the device
structure. Having small overlap integral values for high
energy transitions indicates that the probability of electrons
releasing large amounts of energy in these transitions is
small, which can be beneficial for semiconductor device
performance, as described herein.

Additionally, not to be limited by theory, if the barriers
and wells in the epitaxial oxide chirp layer are designed such
that defects within the wells preferentially move into the
barriers, then the detrimental effects of the defects will be
mitigated. In some embodiments, the overlaps between
electron wavefunctions and barrier centers (or, the probabil-
ity that the electron is at the barrier center), in a conduction
band of the not intentionally doped chirp layer, are less than
0.4 nm™", or less than 0.3 nm™", or less than 0.2 nm™*, or less
than 0.1 nm™!, or less than 0.05 nm™" in one or more regions
of the epitaxial oxide chirp layer. In some embodiments, the
thickness of the quantum wells and the barriers within one
or more regions of the epitaxial oxide chirp layer are chosen
such that the values of the overlap between the electron or
hole wavefunctions and the barrier centers in the conduction
or valence bands of the not intentionally doped epitaxial
oxide chirp layer are less than 0.4 nm™", or less than 0.3
nm™!, or less than 0.2 nm™", or less than 0.1 nm™’, or less
than 0.05 nm™, or less than 0.025 nm~'. Having small
overlap integral values with barrier centers indicates that the
probability of electrons interacting with features (e.g.,
defects) at the barrier centers is small, which can be ben-
eficial for semiconductor device performance, as described
herein.

In some embodiments, the overlap integrals between
different electron wavefunctions and/or between a wave-
function and the barrier centers are evaluated in the state
when the device is biased to a flatband condition, or with a
potential similar to an operating potential for the device
(e.g., in forward bias ranges typical for LEDs, and/or within
0.5V, 1.0V, or 1.5V of flatband).

In some embodiments, UV-C LEDs contain superlattices
with one or more types of doping (e.g., unintentionally
doped SPSLs, polarization doped SPSLs, and/or intention-
ally doped SPSLs), made up of narrow bandgap quantum
wells (e.g., narrow bandgap (AL Ga,_,) O, with thickness
less than approximately 5 nm) and wide bandgap barriers
(e.g., wide bandgap (Al Ga,_,) O, with thickness less than
approximately 5 nm). For example, the present devices can
contain an n-type superlattice, followed by a not intention-
ally doped superlattice, followed by a not intentionally
doped epitaxial oxide chirp layer, which is adjacent to a
narrow bandgap p-type epitaxial oxide layer. In some
embodiments, the narrow bandgap p-type epitaxial oxide
layer is needed to supply holes and form an ohmic contact
with metal layers.

In some cases, the epitaxial oxide chirp layer described
herein is similar to a superlattice in that it is made up of
narrow bandgap quantum wells (e.g., narrow bandgap
(Al Ga,_,),0,) and wide bandgap barriers (e.g., wide band-
gap (Al,Ga,_,),0,). However, the epitaxial oxide chirp layer
described herein is different than a superlattice because the
thickness of the wells and/or barriers is monotonically
increased or decreased through the thickness of the layer in
such a way that the local effective bandgap transitions
gradually from high to low. In other words, superlattices are
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defined as having repeating unit cells, where chirp layers are
aperiodic (although sub-regions of a chirp layer can be
periodic). The chirp layer can have any type of doping (e.g.,
unintentionally doped SPSLs, polarization doped SPSLs,
and/or intentionally doped SPSLs). In some embodiments,
the chirp layer is not intentionally doped, with n-type or
p-type chemical doping concentrations less than 5x10%6
cm™>, or less than 10'® cm™, or less than 10*° cm™3, or less
than 10'* cm™3, or from less than 10'* cm™ to 5x10* cm™3,
or from less than 10'* cm™ to 10'® cm™>. Some examples of
free carrier concentrations for n-type or p-type doped layers
(e.g., intentionally chemically doped, or not intentionally
chemically doped but including polarization doping) are
greater than 10'° cm™>, or greater than 10'® cm™, or greater
than 10'7 cm?, or greater than 5x10'¢ cm 3, or greater than
10* cm™3, or greater than 10*> cm™, or from 10'° cm™ to
10'° em™, or from 10*° cm™ to 10'° em™, or from 10*°
em™ to 10%° em™.

In some embodiments, UV-C LEDs contain an n-type
superlattice, a p-type superlattice, a not intentionally doped
superlattice, and a not intentionally doped epitaxial oxide
chirp layer. For example, epitaxial oxide superlattices and
chirp layers can be made up of alternating layers of
(Al,Ga,_,),0, with different compositions. In some embodi-
ments, UV-C LEDs further contain a p-type narrow bandgap
epitaxial oxide layer, for example made up of NiO. Other
epitaxial oxide materials for the present UV-C LEDs con-
taining the superlattices and chirp layers are also possible, as
described herein (e.g., in FIGS. 28, 76 A-1, 76 A-2 and 76B).

In some embodiments, further improved epitaxial oxide
chirp layer structures can improve lifetime performance of
semiconductor devices such as UV-LEDs even further.
These further improved epitaxial oxide chirp layer structures
can be used in any LED (or other semiconductor device)
where an intrinsic region (or active region) lies between
materials with different bandgaps (e.g., where the intrinsic
region is between a layer or plurality of layers containing
high bandgap materials and a narrow bandgap layer or
plurality of layers containing narrow bandgap materials).
Such further improved epitaxial oxide chirp layer structures
are designed to prevent high energy from being released by
hot electrons, and therefore limit structure modifications
under operation that could lead to a poor lifetime perfor-
mance. In some embodiments, a further improved epitaxial
oxide chirp layer design is based on two main features: 1)
thick barriers, and 2) adjacent quantum wells with non-
resonant electron energy levels, at a device bias point
corresponding to its desired operation condition (e.g., at or
close to flatband conditions).

Firstly, as discussed above, and not to be limited by
theory, thick barriers in such epitaxial oxide chirp layers can
improve device performance for multiple possible reasons.
Thick barriers can avoid wavefunction spreading, and there-
fore minimize high energy jumps which can lead to defect
excitation. Thick barriers can also work as a defect propa-
gation barrier, given the small electron and hole penetration
into thick barriers. However, these barriers cannot be too
thick or they will compromise hole transport.

Secondly, adjacent quantum wells within such epitaxial
oxide chirp layers with non-resonant electron energy levels
allow for energy to be relaxed in small steps, rather than
large steps which can more efficiently excite defects. As an
example, an optimized epitaxial oxide chirp layer can have
constant (Al,Ga,_,) O, (or other epitaxial oxide material)
barrier thicknesses of 4 ML, or 6 ML, or 8 ML and
monotonically increasing (Al,Ga,_,),0O, (or other epitaxial
oxide material) wells. The exact thickness of each well can
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be guided by the following principle: due to the graded
overall composition (e.g., aluminium concentration), the
epitaxial oxide chirp layer has a high hole concentration due
to polarization doping. In such structures, the hole states in
the valence band can lie within an approximately flat energy
band (at flatband operation) throughout the whole epitaxial
oxide chirp layer. Therefore, to avoid resonant electron
energy levels (and limit wavefunction spreading between
wells) and allow for energy to be relaxed in small steps
rather than large steps, the width of subsequent wells is such
that the energy difference between each electron state and
the hole ground state is not resonant between each well.

Methods will now be discussed for designing epitaxial
oxide chirp layers within any LED (or other semiconductor
device) where an intrinsic region (or active region) lies
between materials with different bandgaps (e.g., where the
intrinsic region is between a layer or plurality of layers
containing high bandgap materials and a narrow bandgap
layer).

An optimized bandgap transition structure recipe will
depend strongly on the epitaxial oxide material it is consti-
tuted of and the purpose it serves. For example, in the case
of LEDs with emission regions (or active regions) compris-
ing k-(Al,Ga, )0, (with a Pna2l space group) and a
narrow bandgap epitaxial oxide layer (e.g., k-(Al,Ga,_,),0,
with a low Al concentration (e.g., where X is less than 0.5),
or another narrow bandgap epitaxial oxide material such as
NiO), epitaxial oxide chirped layers can be formed with a
graded total aluminium composition, with the dual purpose
of bringing holes into the recombination zone (usually
intrinsic, or not intentionally doped, referred to as an i-layer
herein) and avoiding electron overshoot into the low-band-
gap p-region. Devices containing other materials systems
that contain an intrinsic region (or active region) between
materials with different bandgaps can also benefit from the
structures and methods described herein. In those cases, the
chirp layers contain unit cells containing a barrier composed
of a high bandgap material and a quantum well composed of
a low bandgap material, with materials other than
(AL Ga, )0, for example, NiO; (MgZn, )
(ALGa,_ ), O5_,, where Osx<l, Osy=l and Oszs<l;
(Mg, Ni,_).(ALGa,_),_,,0;_,, where O=x<l, O<y=l and
O=<z=l; MgAl,O,; 7ZnGa,0,; (Mg, Zn Ni,_, )
(AL Ga,_),0, where O=x<l, O<y=<l (e.g, (Mg/Zn, )
(AD),0,), or (Mg)(ALGa,_,),0,); (Al,Ga,_,),(S1.Ge,_,)Os
where O=x=<1 and 0=z=<l; (ALGa,_,),Li0O, where O=xxl;
and (Mg.Zn, . Ni),GeO, where Os=xs<l, Osysl;
Li,, Ge, O, . where 0O=x<1; Li, Mg, O where 0=x<1
(and/or other epitaxial oxide materials from FIGS. 28,
76A-1, 76A-2 and 76B. In some cases, the chirp layers
contain unit cells containing a barrier composed of a high
bandgap piezoelectric (or polarizable) material and a quan-
tum well composed of a low bandgap piezoelectric (or
polarizable) material. An example of a polarizable epitaxial
oxide material is k-(Al,Ga,_,),0,.

Continuing with the example of devices with
(AL, Ga,_,),0; with a pna2l space group, which being a
piezoelectric material, a graded Al composition in
(AL, Ga,_,),0; with a pna21 space group generates a built-in
polarization field that can move carriers within the device
layers. If the graded composition chirp layer is grown
metal-polar and it lies between the i-layer (containing higher
bandgap materials) and the lower bandgap p-type layer (e.g.,
(AL Ga,_,),0; with a low Al concentration (e.g., where X is
less than 0.5), or another narrow bandgap epitaxial oxide
material such as NiO), the resulting polarization field will
bring holes into the i-layer even without any voltage applied
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to the device. Such a phenomenon is related to polarization
doping and can be used, for example, in UV-C LED struc-
tures. The chirp layer can also include a higher Al content
epitaxial oxide layer (compared to the i-layer) (e.g., a
(AL, Ga,_,),0; layer with high Al concentration) adjacent to
the i-layer, such that electrons are somewhat blocked from
overshooting into the low bandgap region. This electron
blocking layer (EBL) can improve LED efficiency by con-
fining carriers into an active region, which improves optical
recombination efficiency. It also can improve device lifetime
by avoiding damage from hot electrons.

An optimized epitaxial oxide chirp layer between a region
containing high bandgap epitaxial oxide materials and a
region containing low bandgap epitaxial oxide materials can
be designed using the following procedure:

1) Start with a structure comprising an epitaxial oxide
chirp layer between a layer containing a high bandgap
epitaxial material and a layer containing low bandgap epi-
taxial oxide material that:

li) has an overall gradient in bandgap (e.g., through a
composition gradient) to facilitate hole transport according
to the conditions described above; and

lii) starts with a bandgap that presents a barrier for
electron overshoot.

2) From this initial structure, perform an iterative process
where the thickness and/or composition of each layer within
the epitaxial oxide chirp layer is slightly modified. The effect
of such a device modification into device performance is a
factor of many parameters, including local quantum con-
finement and local electric fields due to a difference in
neighboring crystal structures. Therefore, the outcome can
be evaluated using a broad simulation tool that includes
polarization effects and quantum transport. After such a
simulation is carried out, the small modification is deemed
effective if:

2i) hole transport is improved through smooth valence
band sequential states. More specifically, the hole wavefunc-
tions in the valence band are as aligned as possible, in a
given bias condition corresponding to device operation, to
avoid barriers that can block hole transport;

2ii) electrons are effectively blocked by a high energy
barrier layer at the start of the chirp layer;

2iii) overshooting electrons are efficiently thermalized,
and their transport through the epitaxial oxide chirp layer is
only possible by giving away energy in small energy steps.

3) If an improvement is achieved according to one or
more of the criteria above, do another modification to the
epitaxial oxide chirp layer structure and repeat process 2-2iii
above. Such an iterative loop can be done as many times as
desired, until a satisfactory structure is achieved.

In some embodiments, thicker barriers in the epitaxial
oxide chirp layers can effectively improve UV-C LED
lifetime. As discussed above, and not to be limited by theory,
in some cases once a defect has moved into the barrier
center, it is practically transparent to electrons and holes, and
therefore the likelihood of exciting such a defect is strongly
reduced. In some embodiments, UV-C LEDs have superla-
ttices with thick barriers and their output power increases
with aging. Not to be limited by theory, when activated
defects migrate into the epitaxial oxide barrier layers in
which there is little electron-hole overlap, those defects are
effectively deactivated (or mitigated). Therefore, in some
embodiments, thick barriers help to clean defects from the
active region. For similar reasons, thick barriers can be used
not only in the epitaxial oxide chirp layer, but also in any
other region of an epitaxial oxide semiconductor device,
such as a UV-C LED. For example, thicker barriers can be
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used in the region where the radiative recombination occurs
(e.g., the i-layer). One disadvantage of using thicker barriers
is that wider barriers reduce the electron and hole mobilities.
Therefore, in some cases, a practical (or ideal) barrier
thickness (in any layer of the device) will be designed
considering the trade-off between improved defect perfor-
mance versus poor carrier mobility.

The concepts described herein can apply to devices where
electrons travel between regions of different effective band
gap, and therefore become “hot” at some point. This is of
particular importance for UV-C LEDs where p-doping often
involves a low-bandgap material, however, many other
semiconductor devices (as described above) can benefit
from the structures, concepts and methods described herein.

In some embodiments, the improved chirp layer structures
described herein are applicable to UV-C LED devices using
binary epitaxial oxide materials (e.g., those using Al,O;,
Ga,0;, NiO, etc.), and also to devices that rely on a ternary
epitaxial oxide materials (e.g., (AlGa,_,),0,, MgAl,O,,
and ZnGa,O,), or to epitaxial oxide materials with from 2 to
5 elements (e.g., (Mg,Zn,_,).(ALGa,_ ), _,,O;5_,,, where
O=x<l, O=<y=l and O=z=<l; and (Mg,Ni,_,),(ALGa,_ ), _,)
O;_,,, where O=x=1, Osy=1 and O=z<1) for carrier transport.
The improved epitaxial oxide chirp layer structures
described herein may be beneficial to any quantum well
UV-C LEDs, other LEDs, and/or other semiconductor
devices utilizing other material systems (e.g., those that lack
suitable barriers against defect drift).

Chirp Layers Adjacent to Metal Contacts

The present disclosure describes semiconductor structures
with an epitaxial oxide chirp layer adjacent to a metal layer.
In some cases, the chirp layers contain an epitaxial oxide
multilayer structure (or a plurality of epitaxial oxide layers)
where the average composition of the multilayer structure
changes throughout the chirp layer. The average composi-
tion of the chirp layer can be changed (or graded) by
changing the thicknesses of the epitaxial oxide layers within
the multilayer structure. Additionally, the compositions of
the epitaxial oxide layers within the multilayer structure can
also be changed to further change the average composition
of the structure throughout the chirp layer.

The epitaxial oxide materials in the chirp layer can be
polar and piezoelectric, such that the epitaxial oxide mate-
rials can have spontaneous or induced piezoelectric polar-
ization. In some cases, induced piezoelectric polarization is
caused by a strain (or strain gradient) within the multilayer
structure of the chirp layer. In some cases, spontaneous
piezoelectric polarization is caused by a compositional gra-
dient within the multilayer structure of the chirp layer. For
example, x~(Al,Ga,_,),0, where O=x=<1, 1=<y=<3, and 2<7=<4
(with a pna2l space group) is a polar and piezoelectric
material. Some other epitaxial oxide materials that are polar
and piezoelectric are Li(Al,Ga,_,)O, where O=x<1, with a
Pna21 or a P421212 space group. Additionally, some epi-
taxial oxide materials (e.g., those shown in the table in FIG.
28 and in FIGS. 76A-1, 76A-2 and 76B) can be polar and
piezoelectric when incorporated into a layer that is in a
strained state.

The epitaxial oxide layers in the chirp layers described
herein can be i-type (i.e., intrinsic, or not intentionally
doped), n-type, or p-type. The epitaxial oxide layers that are
n-type or p-type can contain impurities that act as extrinsic
dopants. For example, the n-type or p-type layers can
contain a polar epitaxial oxide material
(e.g., x-(AlLGa,_,),0, where O=x=<1, 1<y=3, and 2=7z=4),

25

30

40

45

55

60

164

and the n-type or p-type conductivity can be formed via
polarization doping (e.g., due to a strain or composition
gradient within the layer(s)).

The epitaxial oxide materials contained in the semicon-
ductor structures described herein can be any of those shown
in the table in FIG. 28, and in FIGS. 76A-1, 76 A-2 and 76B,
for example, (AlGa,_,),0; where 0sx<l1; (Al Ga, ) O,
where O=x<1, 1=y=<3, and 2=<7=4 (with a space group that is
R3c (i.e., @), Pna2l (ie., x), C2m (i.e., pB), Fd3m (i.e., y)
and/or 1a3 (i.e., 8)); NiO; (Mg, Zn, ), (AL Ga,_ ), O3 5,
where O=x=<l, O=y=<l and O=z=l; (MgNi,_,),
(ALGa, ), 05, where 0O=x<l, Osy=l and Oszs<l;
MgAl,0,; ZnGa,0,; (Mg, Zn Ni,_, (Al Ga,_,),0, where
O=x=l, Osy=l (eg, MgZn, )(AD,0,, or (Mg)
(Al Ga,_),0,); (Al Ga,_,),(Si,Ge,_,)Os where O=x=<1 and
O=z=l1; (Al Ga,_),Li0, where O=x=<1; and
Mg, Zn,_,_Ni ),GeO, where O=x<l, O<y<l. In some
cases, the multilayer structures of the chirp layer can contain
alternating layers of a wider bandgap epitaxial oxide mate-
rial layer and a narrower bandgap epitaxial oxide material
layer that change compositions and/or thicknesses through-
out the chirp layer. The difference in bandgaps between the
wider bandgap and the narrower bandgap epitaxial oxides
can be of any height greater than about 100 meV, such as
from 0.1 eV to 2 eV, or from 0.3 eV to 2 eV, or from 0.5 eV
to 10 eV. In some cases, the multilayer structures of the chirp
layer can contain layers of three or more layers of epitaxial
oxide materials that repeat in sequence (e.g., with different
compositions and/or thicknesses).

The chirp layers described herein can contain a graded
multilayer structure containing repeating pairs of a wider
bandgap k-(Al,,Ga,_,,),0, layer and a narrower bandgap
K-(Al,Ga,_,) 0, layer, where O=x1sl1, 0=x2x<1, the differ-
ence in bandgap between the layers is from 0.1 eV to 2 eV
and/or the difference between x1 and x2 is from 0.1 to 1, and
the compositions and/or thicknesses of the layers change
throughout the multilayer structure. By changing the thick-
nesses (or the relative thickness between the layers) through
the multilayer structure, the average composition will
change throughout the chirp layer.

In another example, a chirp layer described herein can
contain a multilayer structure with a first layer of
K-(Al,,Ga,_,,),0,, where O=xl<l, I=y=3, and 2=z<4,
where O=x=<1, and a second layer, where the material of the
second layer is selected from (Al Ga,_,),0; where O=x<1;
(Al,Ga,_,),0, where O=x=<l, 1=y=3, and 2<z=<4 (with a
space group that is R3¢ (i.e., &), Pna2l (i.e., x), C2m (i.e.,
p), Fd3m (i.e., v) and/or 1a3 (i.e., 9)); NiO; Mg, Zn,_,),
(AlLGa,_)),,,05_,, where Osxs<l, Osysl and Oszsl;
Mg Ni,_).(ALGa,_,),,_,,O;_,, where O=x<l, O<y=l and
O=<z=l; MgAl,0,; ZnGa,0,; Mg, Zn Ni,_, )
(Al Ga, ),0, where O=x<l, O<y=l (e.g, (Mg,/Zn, )
(Al),0,), or (Mg)(ALGa,_,),0,); (Al,Ga,_,),(S1.Ge,_,)Os
where O=x=<1 and 0=z<l; (Al Ga,_,),LiO, where O=x=l;
Mg, Zn,_,_Ni ),GeO, where O=x=l, O<y=1; and/or other
epitaxial oxide materials from FIGS. 28, 76 A-1, 76A-2 and
768, and where the compositions and/or thicknesses of the
first and/or second layers change throughout the multilayer
structure.

In another example, a chirp layer described herein can
contain a multilayer structure with a first layer and a second
layer, where the materials of the first and second layers are
selected from (Al Ga,_,),0; where Osx<l1; (AL Ga,_,),0,
where O=x<1, 1=y=<3, and 2=<7=4 (with a space group that is
R3c (i.e., @), Pna2l (ie., x), C2m (i.e., pB), Fd3m (i.e., y)
and/or 1a3 (i.e., 8)); NiO; (Mg, Zn, ), (AL Ga,_ ), O3 5,
where O=x=<l, O=y=<l and O=z=l; (MgNi,_,),
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(ALGa,_),_O5_,, where Osx<l, Osy=l and Oszs<l;
MgAl,O,; ZnGa,0,4; (Mg, Zn Ni, (Al Ga,_),0, where
O=x=<l, O=y=l (eg, Mg/ Zn, )(AD,0,), or (Mg)
(AL Ga,_,),0,); (ALGa,_,),(Si,Ge,_,)Os where O=x=1 and
O=z=l1,; (Al Ga,_),LiO, where O=x=<l; and
(Mg, Zn, _,_Ni ),GeO, where O=x=l, O<y=l; and/or other
epitaxial oxide materials from FIGS. 28, 76 A-1, 76 A-2 and
76B, and where the compositions and/or thicknesses of the
first and/or second layers change throughout the multilayer
structure.

In some embodiments, the epitaxial oxide materials in the
semiconductor structures described herein can each have a
cubic, tetrahedral, rhombohedral, hexagonal, and/or mono-
clinic crystal symmetry. In some embodiments, the epitaxial
oxide materials in the semiconductor structures described
herein comprise (Al Ga,_,),0; with a space group that is
R3¢, Pna2l, C2m, Fd3m and/or Ia3.

In some cases, the semiconductor structures are grown on
substrates selected from Al,O; (any crystal symmetry, and
C-plane, R-plane, A-plane or M-plane oriented), Ga,O; (any
crystal symmetry), MgO, LiF, MgAl,0,, MgGa,0,,
LiGa0,, LiAlO,, (Al Ga,_,),0,. where O=xxl, 1<y=<3, and
2=<7=<4 (any crystal symmetry), MgF,, LaAlO;, TiO,, or
quartz.

In some cases, the epitaxial oxide materials of the semi-
conductor structures described herein and the substrate
material upon which the semiconductor structures described
herein are grown are selected such that the layers of the
semiconductor structure have a predetermined strain, or
strain gradient. In some cases, the epitaxial oxide materials
and the substrate material are selected such that the layers of
the semiconductor structure have in-plane (i.e., parallel with
the surface of the substrate) lattice constants (or crystal
plane spacings) that are within 0.5%, 1%, 1.5%, 2%, 5% or
10% of an in-plane lattice constant (or crystal plane spacing)
of the substrate.

In other cases, a buffer layer including a graded layer or
region can be used to reset the lattice constant (or crystal
plane spacing) of the substrate, and the layers of the semi-
conductor structure have in-plane lattice constants (or crys-
tal plane spacings) that are within 0.5%, 1%, 1.5%, or 2% of
the final (or topmost) lattice constant (or crystal plane
spacing) of the buffer layer.

Semiconductor-metal contacts with spontaneous and/or
induced piezoelectric polarization are described herein. In
some embodiments, steeply varying the material composi-
tion of an epitaxial oxide piezoelectric semiconductor, adja-
cent to a metal contact, generates a strong electric field (e.g.,
greater than 1000 kV/cm, or greater than 2500 kV/cm, or
greater than 5000 kV/cm, or from 100 kV/em to 10000
kV/cm) through spontaneous piezoelectric polarization. In
turn, the strong electric field can substantially alter the
transport properties through that interface, for example
either lowering or increasing the formed contact resistance.
The unexpected consequence is that the contact resistance of
an epitaxial oxide semiconductor-metal structure can be
tailored by including a “contact layer” with a steeply varying
material composition of an epitaxial oxide piezoelectric
semiconductor adjacent to the metal contact (i.e., between a
semiconductor layer and the metal contact). As described
herein, such epitaxial oxide semiconductor structures are
applicable in a wide variety of devices and materials sys-
tems. For example, ohmic p- or n-contacts with low contact
resistance can be created between wide bandgap epitaxial
oxide semiconductors and metal layers by utilizing the
aforementioned contact layer. Alternatively, the height of a
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Schottky barrier between an epitaxial oxide semiconductor
and a metal can be modified by utilizing the aforementioned
contact layer.

The versatile approaches described herein, using different
types of epitaxial oxide contact layers with steeply varying
material compositions of piezoelectric semiconductors adja-
cent to metal contacts, are applicable in many applications,
including but not limited to optoelectronic devices with
wavelengths ranging from infra-red to deep-ultraviolet (e.g.,
light emitting diodes (LEDs), laser diodes, photodetectors,
and solar cells), high-power diodes, transistors, high-power
transistors, transducers, and high-mobility transistors.

The steeply varying material compositions of epitaxial
oxide piezoelectric semiconductors within the contact layers
can be realized in a number of ways, including using smooth
compositional grading (i.e., a smoothly varying composi-
tional gradient), using structures with one or more abrupt
changes in composition (e.g., stepped layers), or using chirp
layers, which are structures similar to short-period superla-
ttices (SPSLs) but with changing sublayer thicknesses.
Chirp layers may contain thin alternating wide bandgap
epitaxial oxide sublayers (barriers) and narrow bandgap
epitaxial oxide sublayers (wells). For example, the epitaxial
oxide sublayers can be less than approximately 5 nm thick,
or less than 20 monolayers (MLs), or less than 10 MLs, or
less than 2 MLs, or from 0.1 to 20 MLs. In some embodi-
ments, the compositional gradients in the regions adjacent to
the contact layers described herein are steep enough to
induce piezoelectric polarization within the region, wherein
“steep” is defined by the following description. For example,
if the region contains k-(Al,Ga,_,) 0O, materials with chang-
ing composition (e.g., in a smooth gradient of
K-(AlL Ga,_),O,, where x is smoothly varied, or in a chirp
layer with alternating layers of a wider bandgap
K-(ALGa, )0, and a narrower bandgap
K-(Al,Ga,_,,),0, where the average composition changes
over the chirp layer), then the composition can vary (e.g.,
from x equals about 0.8 (or 80%) to x equals about 0.2 (or
20%)) over about 5 nm, or 8 nm, or 10 nm, or 15 nm, or 20
nm. For example, the compositional gradient can have a
value of about 40%, 60% or 80% over 5 nm, or 8 nm, or 10
nm, or 15 nm, or 20 nm, or the composition can change by
about 5%, or about 7.5%, or about 10%, or about 20% per
nanometer. More generally, for epitaxial oxide chirp layers,
for example containing k-(Al,Ga, _,),0, materials, the com-
position can change from 1% to 50% per nanometer, or from
1% to 30% per nanometer, or from 5% to 20% per nano-
meter. For any epitaxial oxide materials system capable of
induced piezoelectric polarization (e.g., k-(AlGa,_,), O, or
Li(Al,Ga,_,)O, with a Pna21 or a P421212 space group) the
composition can change from about 1% to 100% per nano-
meter, or from 1% to 50% per nanometer, or from 5% to
50% per nanometer, or from 5% to 30% per nanometer, or
by any amount that induces an increased charge density
(compared to the charge density without a compositional
gradient) through the mechanism of piezoelectric polariza-
tion. In some cases, the compositional gradient is made as
steep as possible to induce as large a charge as possible,
without hindering charge transport. For example, if the
composition is changed too quickly, then large energy
barriers (e.g., greater than 25 meV) can be formed due to a
large conduction band or valence band offset, which can
hinder charge transport across the region.

In some embodiments, the steeply varying material com-
positions of piezoelectric epitaxial oxide semiconductors
within the contact layers occurs over a distance from greater
than 0 nm to less than 20 nm, from greater than O nm to less
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than 10 nm, from greater than O nm to less than 5 nm, from
greater than 0.1 nm to less than 20 nm, from greater than 0.1
nm to less than 10 nm, from greater than 0.1 nm to less than
5 nm, or from 1 nm to 10 nm. In some embodiments, the
contact layer forms an ohmic contact between an epitaxial
oxide semiconductor and a metal. In some embodiments, the
epitaxial oxide semiconductor is a wide bandgap epitaxial
oxide semiconductor with bandgaps greater than 3.0 eV, or
greater than 4.0 eV, or greater than 5.0 eV, or greater than 6.0
eV, or from 1.5 eV to 7.0 eV, or from 3 eV to 9 eV, or from
3eVitold eV, or from 4 eVto 7 eV.

In some embodiments, the contact layers are “ohmic-
chirp” layers comprising epitaxial oxide materials, and are
used to create ohmic (or, low resistance) contacts to metal
layers in epitaxial oxide semiconductor structures and
devices (e.g., in structures and devices containing wide
bandgap epitaxial oxide semiconductors). The term “chirp
layer,” “ohmic-chirp,” or “ohmic-chirp layer” as used
herein, refers to a layer with a steeply varying average
material composition of piezoelectric semiconductors pro-
duced by changing the sublayer thicknesses within a mul-
tilayer structure (similar to an SPSL, but not composed
entirely of periodic unit cells). The changing the sublayer
thicknesses for the wells and/or the barriers within a chirp
layer can be monotonic or non-monotonic, and can follow
any relationship (e.g., linear, parabolic, or other shape). In
some embodiments, the chirp layers contain piezoelectric
epitaxial oxide materials that have spontaneous and intrinsic
polarizations, which are dependent on a material composi-
tion gradient of the epitaxial oxide. In some embodiments,
the chirp layers contain a gradient in a piezoelectric epitaxial
oxide material composition adjacent to the metal contact
layer (e.g., by changing the thicknesses of the alternating
sublayers within the chirp layer). Some examples of piezo-
electric epitaxial oxide materials that can be used to form
ohmic-chirp layers are x-(Al,Ga,_.),0,, where O=x=I,
1=y=3, and 2=7=<4; and Li(ALGa,_,)O, where O=x<1, with
a Pna21 or a P421212 space group, or other epitaxial oxide
materials in a strained state.

In some embodiments, the contact layer (e.g., a contact
layer with a compositional gradient, or a chirp layer) enables
an ohmic (or, low resistance) n-contact or a p-contact to an
epitaxial oxide semiconductor layer (or structure), and con-
tains a high concentration of electrons or holes, respectively.
The terms “n-contact” and “p-contact” as used herein refer
to an electrical contact (or connection) between a metal and
an n-type or a p-type semiconductor, respectively. In some
embodiments, the contact layer is situated between a metal
and an n-type or a p-type epitaxial oxide semiconductor and
enables an ohmic (or, low resistance) n-contact or a p-con-
tact between the epitaxial oxide semiconductor and the
metal. In some embodiments, the contact layer forms an
ohmic (or, low resistance) n-contact or a p-contact by
changing the barrier height and/or barrier width between the
epitaxial oxide semiconductor and the metal. For example,
the contact layer can reduce an effective width of a barrier
across the contact (i.e., experienced by a carrier traversing
the contact) by creating a strong electric field (e.g., greater
than 1000 kV/cm, or greater than 2500 kV/cm, or greater
than 5000 kV/cm, or from 100 kV/cm to 10000 kV/cm) in
the contact layer adjacent to the metal, which increases the
transport of carriers from the metal to the epitaxial oxide
semiconductor (or vice-versa) across the barrier. In some
cases, the barrier width across a contact containing a contact
layer (as described herein) is less than 5 nm, or less than 3
nm, or less than 1 nm. In some cases, the barrier height
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between a contact layer (as described herein) and a metal is
less than 0.3 eV, or less than 0.6 €V, or less than 1.3 €V, or
less than 2 eV.

The contact layers (e.g., contact layers with compositional
gradients, or chirp layers) described herein have some
relation to structures that utilize polarization doping, in the
sense that contact layers also benefit from the large resultant
electric fields that result from grading the average compo-
sition of a region within the contact layer. Polarization
doping (e.g., p-type) has been previously described for some
materials (e.g., in Simon et al., Science Vol. 327, Issue 5961,
pp. 60-64, 2010. DOIL: 10.1126/science.1183226). Polariza-
tion doping has also been described within UVC LEDs, such
as in U.S. Pat. No. 9,871,165, owned by the assignee of the
present disclosure. The contact layers described herein intro-
duce important new modifications that enable the contact
resistance of an epitaxial oxide semiconductor-metal struc-
ture to be tailored, such as the inclusion of a layer with a
steeply varying material composition of a piezoelectric
epitaxial oxide semiconductor adjacent to the metal contact.

In other embodiments, steeply varying the strain (i.e.,
creating a strain gradient) of a piezoelectric epitaxial oxide
semiconductor, adjacent to a metal contact, generates a
strong electric field (e.g., greater than 1000 kV/cm, or
greater than 2500 kV/cm, or greater than 5000 kV/cm, or
from 100 kV/cm to 10000 kV/em) through induced piezo-
electric polarization. Therefore, in some embodiments, the
contact resistance of an epitaxial oxide semiconductor-metal
structure can be tailored by including a contact layer with a
piezoelectric epitaxial oxide semiconductor containing a
strain gradient adjacent to the metal contact. In some
embodiments, the contact layer with a strain gradient
enables an ohmic (or, low resistance) n-contact or p-contact
between the contact layer (containing the epitaxial oxide
semiconductor) and the metal.

In some embodiments, both a strain gradient and a com-
positional gradient in a piezoelectric epitaxial oxide semi-
conductor, adjacent to a metal contact, generate a strong
electric field (e.g., greater than 1000 kV/cm, or greater than
2500 kV/cm, or greater than 5000 kV/em, or from 100
kV/em to 10000 kV/em) through both spontaneous and
induced piezoelectric polarization. Therefore, in some
embodiments, the contact resistance of an epitaxial oxide
semiconductor-metal structure can be tailored (e.g.,
decreased) by including a contact layer with a piezoelectric
epitaxial oxide semiconductor containing both a strain gra-
dient and a compositional gradient adjacent to the metal
contact. Depending on the magnitudes and directions of the
compositional gradient and the strain gradient within the
piezoelectric material in the contact layer, the effect of the
compositional gradient can be either larger than, smaller
than, or similar to, the effect of the strain gradient.

FIG. 141A is a schematic of an example of a semicon-
ductor structure 11100 containing an epitaxial oxide semi-
conductor-metal junction, whose epitaxial oxide semicon-
ductor material 11110 is piezoelectric and abruptly graded in
composition or graded in strain within contact layer 11120
adjacent to an interface with a metal contact 11130, in
accordance with some embodiments. For example, the con-
tact layer can comprise K-(AlGa, ) O,, where Osxsl,
1=y=3, and 2=<7=<4, whose average aluminium composition
X is steeply reduced over a few nanometres adjacent to the
metal contact. The gradient in local strain and/or difference
in composition creates a strong polarization field that modi-
fies the local carrier concentration and transport properties
through the interface.



US 11,621,329 Bl

169

Some examples of materials that can be used in the
piezoelectric semiconductor 11110 (including the strained or
graded contact layer 11120) in FIG. 141A are
K-(AlGa, ) O, where O=x<l, 1=<y=3, and 2=<z=<4; and
Li(Al,Ga,_,)O, where O=x=<1, with a Pna21 or a P421212
space group; or other epitaxial oxide materials in a strained
state. Some examples of high work function metals that can
be used in the metal contact 11130 in FIG. 141A for contacts
to p-type epitaxial oxide semiconductors are Ni, Os, Se, Pt,
Pd, Ir, W, Au and alloys thereof. Some examples of low work
function materials that can be used in the metal contact
11130 in FIG. 141A for contacts to n-type epitaxial oxide
semiconductors are Ba, Na, Cs, Nd and alloys thereof.
However, in some cases, Al, Ti, Ti—Al alloys, and titanium
nitride (TiN) being common metals can also be used as
contacts to an n-type epitaxial oxide layer (e.g., 6220q). In
some cases, the metal contact 11130 can contain 2 or more
layers of metals with different compositions (e.g., a Ti layer
and an Al layer). In some embodiments, the metal contact
11130 is incorporated in an optoelectronic device and is
reflective at desired optical wavelengths (e.g., from about
150 nm to about 280 nm). In such cases, the contact layer
11120 can be designed to form a low resistance contact and
also be transparent (or mostly transparent) at the desired
optical wavelengths.

FIG. 141B is a schematic of an example of a semicon-
ductor structure 11150 containing an epitaxial oxide semi-
conductor-metal junction containing a metal contact 11130,
a constant composition epitaxial oxide material 11160, and
a contact layer 11170. Contact layer 11170 in this example
contains a chirp layer comprising epitaxial oxide materials,
and forms a contact layer adjacent to the metal contact
11130. For example, the contact layer 11170 can comprise
alternating thin (e.g., less than 20 monolayers (MLs), or less
than 10 MLs, or less than 2 MLs, or from 0.1 to 20 MLs)
layers of wider bandgap and narrower bandgap
K-(Al,Ga, ) O, where O=x<l, 1=y=3, and 2=z<4 (e.g,
where the difference in x between the narrower and wider
bandgap layers is from 0.1 to 1), whose average aluminium
composition X is steeply reduced over a few nanometres
adjacent to the metal contact by changing a thickness (and/or
a composition) of the wider bandgap and/or narrower band-
gap k-(Al,Ga, _,),0, layers through contact layer 11170. The
metal-polar growth direction 11180 (i.e., the orientation of
the metal polar faces in layers 11160 and 11170) is also
shown.

In some examples, the composition gradient (e.g., shown
in contact layer 11120 in FIG. 141A) can include abrupt
steps in composition within a few nanometres of the metal
contact (e.g., metal contact 11130 in FIG. 141A).

In some examples, the graded region in the contact layer
(e.g., contact layer 11120 in FIG. 141A, or contact layer
11170 in FIG. 141B) can also be a x-(Al,,Ga,_,,),0,/x-
(Al,Ga,_,,),0, chirp layer containing alternating thin (e.g.,
less than 20 monolayers (MLs), or less than 10 MLs, or less
than 2 MLs, or from 0.1 to 20 MLs) sublayers of
(AL, Ga,_,,),0, and (Al,,Ga,_,,),0,. In some embodiments
(e.g.,ifx11is 1,x2 s 0,y is 2, and z is 3), the sublayers can
be alternating layers of xk-Al,O; and k-Ga,O;. The
K-(Al,Ga,_,,),0,/x-(Al,,Ga,_,,),0, chirp layer can begin
or end with x-(Al,Ga,_,,),0, or k-(Al ,Ga,__,)O.,.

A x-(Al,Ga,_,,),0,/x-(Al,Ga,_,,),0, chirp layer can
contain alternating sublayers of a wider bandgap
K-(Al,,Ga,_,,),0, layer and a narrower bandgap
K-(Al,Ga,_,,),0, layer, where O=x1<1 and O=x2<1, and x1
and x2 are different values, where the difference in bandgap
between the layers is from 0.1 eV to 3.5 eV, and/or the
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difference in Al content between the layers is from 0.1 to 1.
Thek-(Al,,Ga,_,,),0, and k-(Al,Ga,__,),0, sublayers can
contain less than 1 ML of x-(Al,Ga, ,,),0, and
K-(Al,Ga,_,,),0, respectively, and therefore, in some
regions (or nanoregions) of the layer mixed compounds
K-(Al,,Ga,_,,),0, and x-(Al,,Ga,_,,),0, can still exist.
Similarly, in  some cases, a Kk-(Al,Ga,_,),
O,/x-(Al,Ga,_,,),0, chirp layer contains alternating
sublayers of x-(Al,Ga,_,,),0, and k-(Al,Ga,_,,),O,, and
the k-(Al,Ga,_,,),0, and/or k-(Al,Ga,_,,) 0O, sublayer
thicknesses contain non-integer numbers of MLs. In such
cases, in some regions (or nanoregions) of the layer, mixed
compounds of k-(Al, Ga,_,,),0, and x-(Al,,Ga, _,,) 0, can
still exist within the contact layer. In some embodiments,
K-(Al,,Ga,_,,),0,/x-(Al,Ga,_,,),0, chirp layers contain
regions of non-integer sublayer thicknesses, and regions
containing sublayers with integer thicknesses. In some
embodiments, k-(Al,,Ga,_,,),0,/k-(Al,,Ga,_,,),0, chirp
layers of different integer sublayer thicknesses
K-(Al,,Ga,_,,),0, and/or k-(Al,,Ga,_,,),0, can coexist lat-
erally next to each other so that the average composition is
non-integer on a larger scale. In some embodiments,
x~(Al,Ga, ;) 0/k-(Al,Ga,_,,),0, chirp layers contain

regions where sublayers with different mixed
k-(Al,,Ga,_,;),0, and x-(Al,Ga,_,,),0, compositions
exist next to each other.

In some embodiments, K-(Al,,Ga,_,)0,/

K-(Al,Ga,_,) O, chirp layers can be used as a contact layer
in semiconductor-metal junctions, and contain a gradient in
the k-(Al,,Ga,_,,),0, and/or k-(Al,Ga, )0, sublayer
thicknesses and/or compositions (i.e., the values of x and/or
y can change throughout the chirp layer). For example, the
K-(Al,Ga,_,) 0, sublayers can be thicker at the beginning
of'the chirp layer (farther from the metal contact) and thinner
at the end of the chirp layer (nearer to the metal contact). In
another example, the k-(Al,,Ga,_,,),0, sublayers can be
thinner at the beginning of the chirp layer (farther from the
metal contact) and thicker at the end of the chirp layer
(nearer to the metal contact). In other examples, the
K-(Al,Ga,_,) O, sublayers can be thicker at the beginning
of'the chirp layer (farther from the metal contact) and thinner
at the end of the chirp layer (nearer to the metal contact), or
the k-(Al,,Ga,_,,),0, sublayers can be thinner at the begin-
ning of the chirp layer (farther from the metal contact) and
thicker at the end of the chirp layer (nearer to the metal
contact).

In some embodiments, the structure 11150 in FIG. 141B
is used to facilitate hole transport at the interface between
the contact layer 11170 and the metal contact 11130, in
which case the direction 11180 of the metal polar face of the
epitaxial oxide material in layers 11160 and 11170 is towards
the metal contact, as shown in FIG. 141B.

In the example structure 11150 shown in FIG. 141B, a
high-bandgap epitaxial oxide region 11160, possibly
p-doped, serves as a hole transport material. It is followed by
a steeply graded contact region 11170 over a few nanometers
scale. In some cases, the graded contact region 11170 (or a
portion thereof) is also p-doped. The structure is then
terminated with a metal contact 11130, for example, alu-
minium. In other examples, the high-bandgap region 11160
can be n-doped, and the steeply graded contact region 11170
can facilitate electron transport at the interface with metal
contact 11130 (i.e., making a low resistance n-contact). As
will be described more completely below, in the case of
n-contacts, the polar faces of the piezoelectric materials
and/or the direction of the compositional gradient will be
reversed. Similarly, the resistance of epitaxial oxide semi-
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conductor-metal interfaces can be increased (rather than
reduced), by reversing the polar faces of the piezoelectric
materials and/or the direction of the compositional gradient.

In some embodiments, the structure in FIG. 141B is part
of'a deep-UV LED or laser, in which case the bandgap of the
homogeneous epitaxial oxide region 11160 is preferably
high enough as to be transparent to the LED or laser
emission wavelength.

The structures shown in FIGS. 141A and 141B are
advantageous because they improve carrier transport across
the epitaxial oxide semiconductor-metal structure (or con-
tact layer, or interface between the epitaxial oxide semicon-
ductor and the metal) compared to conventional structures,
and can provide high carrier densities to the device in which
they are incorporated at relatively low operating voltages.

Counterintuitively, the high Schottky resistance vanishes
(or is significantly reduced) in operation of the graded
structures similar to those shown in FIGS. 141A and 141B.
Not to be limited by theory, there are some attributes of the
graded epitaxial oxide contact layer that could contribute to
the reduction in the Schottky resistance. The very steep
grading in the composition of the epitaxial oxide material (or
chirp layer) generates a large polarization field (e.g., greater
than 1000 kV/cm, or greater than 2500 kV/cm, or greater
than 5000 kV/cm, or from 100 kV/cm to 10000 kV/cm),
which strongly bends the valence band of the epitaxial oxide
layer and attracts a high hole density. This high hole density
close to the metal interface minimises the width of the
Schottky barrier, which facilitates hole injection via tunnel-
ling from the metal. Surprisingly, if a thick (e.g., greater than
5 nm) epitaxial oxide layer with a bandgap equal to that of
the lower bandgap material (e.g., the well layer) of the chirp
layer were inserted between the steeply graded epitaxial
oxide contact layer and the metal layer in the structures
shown in FIGS. 141A and 141B, then the contact resistance
would counterintuitively increase due to a weaker electric
field in the contact layer adjacent to the contact (even though
the average bandgap would be lower adjacent to the metal).
The electric field in the contact layer adjacent to the metal
would be decreased because the thick epitaxial oxide layer
would move the strong field created by the graded region of
the contact layer farther away from the interface.

In some cases, a modified surface composition and hole
density (caused by a graded contact layer) could also affect
the height of the Schottky barrier. As an overall result, in
some embodiments of structures containing a compositional
gradient (e.g., as depicted in FIGS. 141 A and 141B), little or
no barrier is present for hole transport, despite the progres-
sively increasing bandgap as holes move away from the
metal. Therefore, an ohmic contact forms, which, together
with the high hole density, provides a contact with very low
resistance. In some cases, a voltage, across the epitaxial
oxide semiconductor-metal contacts described herein,
needed to provide the operating current densities (e.g.,
approximately 400 mA/mm?) is as low as a few microvolts,
which would dissipate a negligible power (e.g., less than 1
microwatts under operation). In some cases, the voltage drop
in a graded epitaxial oxide structure described herein (e.g.,
with respect to FIGS. 141A and 141B) is even smaller that
the voltage drop in a pure epitaxial oxide material compris-
ing low bandgaps (e.g., equal to the lower bandgap material
(or well material) in the chirp layer of the contact layer) due
to the larger electric fields that effectively reduce the tun-
nelling barrier width for holes from the metal into the
semiconductor, which in turn improves hole transport. Also,
in some cases, the larger electric fields provided by the
epitaxial oxide structures described herein lead to increased
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hole concentrations at the graded contact layer/metal inter-
face, compared to those created at the interface of a thick
(e.g., greater than 5 nm) epitaxial oxide layer/metal inter-
face, which is also beneficial for hole transport. Such
structures are particularly advantageous in deep-UV LEDs
and lasers since the graded contact region can have a lower
contact resistance compared to conventional UV-transparent
contact structures.

In some cases, low bandgap epitaxial oxide sublayers in
the graded region can absorb some of the light that is emitted
from a UVC LED or laser in which the structure is incor-
porated. However, those absorbing layers can be made very
thin (e.g., less than 3 nm, less than 2 nm, less than 1 nm, less
than 10 ML, less than 5 ML, less than 2 ML, or less than 1
ML), and therefore have relatively low total absorption.
Moreover, in some embodiments, some of the absorptive
epitaxial oxide layers in a contact layer are placed adjacent
to a reflective metal surface, which reduces the total electric
field that exists in those layers due to destructive interfer-
ence. In some embodiments, the total absorption of light
(emitted by the LED or laser) in the graded contact layer is
about 3%, or less than 10%, or less than 5%, or less than 3%,
or less than 1%, or from 1% to 5%, or from 0.1% to 10%.

In some embodiments, a steep grading close to the metal
interface (e.g., in the chirp layers described herein) reduces
the contact resistance for an ohmic contact in UV LEDs or
lasers based on epitaxial oxide materials. Not to be limited
by theory, the steep gradient can reduce the depletion width
in the device layer adjacent to the metal contact due to the
resulting spontaneous polarization field. Therefore, simply
capping a p-doped epitaxial oxide region with a thick
p-doped epitaxial oxide region (e.g., greater than 5 nm, or
from 5 nm to 200 nm, or from 30 nm to 50 nm), has a much
weaker benefit to the contact resistance compared to the
much stronger effect provided by the chirp layers compris-
ing epitaxial oxide materials described herein.

An example of an LED with a chirp layer adjacent to a
metal contact layer is shown in FIG. 142. FIG. 142 shows a
simplified schematic side view of an LED structure 11500
including a mesa structure, and an expanded view of the
sublayer thicknesses of an ohmic-chirp layer (or chirp layer)
11520. The inset 11502 shows that the chirp layer 11520
contains different thicknesses of wider bandgap epitaxial
oxide layers 11524, and narrower bandgap epitaxial oxide
layers 11522, which form a graded average composition
through ohmic-chirp layer 11520. The inset shows a few
epitaxial oxide layers 11522 and 11524, however, the chirp
layers described herein can have from 10 to 100 layers, or
more than 100 layers, of epitaxial oxide layers (like 11522
and 11524). The structure 11500 includes a compatible
substrate 11560, an optional buffer layer 11550, an n-doped
epitaxial oxide layer 11540, an intrinsic (or not intentionally
doped) epitaxial oxide layer 11530, the chirp layer 11520,
and metal contacts 11512 and 11514. The optional buffer
layer 11550, n-doped epitaxial oxide layer 11540, and/or
intrinsic (or not intentionally doped) epitaxial oxide layer
11530 can comprise superlattices of epitaxial oxide materi-
als, in some cases.

In some cases, the structure 11500 forms a p-i-n structure,
for example, where the chirp layer 11520 acts as the p-type
layer, or an additional p-type epitaxial oxide layer (not
shown) is formed between the intrinsic (or not intentionally
doped) epitaxial oxide layer 11530 and the chirp layer
11520. In some cases, the chirp layer 11520 or a portion of
the chirp layer 11520 is doped with an extrinsic acceptor
(e.g., Li, Ga, Zn, Ni or N). In other embodiments, the
entirety of a chirp layer is not intentionally doped but has a
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high carrier concentration due to polarization doping. The
n-type layer can have doping densities from about 10*” cm™>
to about 10*° cm™>, and the intrinsic region (or layer) can
have doping densities below about 10'® cm™, or from about
10** cm™ to about 10'° cm™. One metal contact 11514
forms an electrical contact with the n-type epitaxial oxide
layer 11540, and the other metal contact 11512 forms an
electrical contact with the ohmic-chirp layer 11520 on the
top of the mesa, where the metals can be low and high work
function metals (as described herein).

In an example, the chirp layer 11520 comprises two
different compositions of x-(Al,Ga, ,) O, where O=x<I,
1=y=3, and 2=<7=<4. For example, the chirp layer 11520 can
comprise alternating layers of k-Al O, where 1<y=<3, and
2=7=4, and x-Ga,O, where 1<y=3, and 2<z=4. The average
aluminium content per period is [Al]/([Al]+[Ga]), where
[Al] and [Ga] are the total atomic fractions of Al and Ga
respectively in a period (e.g., in 2 adjacent sublayers in the
structure where one sublayer is a k-AL O, layer and the other
sublayer is a k-Ga O, layer). In another example, the chirp
layer 11520 can comprise alternating layers of
K-(Al,Ga, )0, where 0=x<0.5, 1=y=<3, and 2=z<4, and
K-(ALGa,_) O, where 0.5sx<l, 1sy=<3, and 2sz<4. In
another example, the chirp layer 11520 can comprise alter-
nating layers of either a x-Al O, layer or a k-Ga O, layer
where 1=y=<3, and 2=z<4, and a k-(Al,Ga, _,),0, layer where
O=x=1, 1=y=3, and 2=<7=4, and where the difference in Al
content (X) is greater than 0.2, or greater than 0.3, or greater
than 0.5. In some cases, the last few sublayers of the chirp
layer may have effective bandgaps that are narrow enough to
absorb some light emitted from the intrinsic (or not inten-
tionally doped) epitaxial oxide layer 11530. In this example,
the total aluminium content in the chirp layer 11520 has a
steep grading close to the metal contact.

FIGS. 143 A and 143B show examples of light extraction
optimization via selection of metal contact materials and
emitter positioning in LEDs or lasers. FIG. 143A shows an
example schematic representation of emitted and reflected
waves, where the emitter is placed 9A/8n (where X is the
radiation wavelength outside the emission material, an epi-
taxial oxide material (e.g., shown in FIGS. 28, 76 A-1, 76 A-2
and 76B) in this case, and n is the refractive index of the
emission material) away from the metal interface, which
generates constructive interference of light in the left direc-
tion (i.e., the direction of the light extraction), as shown by
FIG. 143A.

Using a transparent p-type material in LEDs or lasers
increases the need to control the light that is emitted in the
direction of the p-type material. In some embodiments of the
LED or laser structures and devices described herein, the
light is emitted through the substrate (e.g., sapphire) side,
and therefore it is beneficial to reflect the light emitted in the
opposite direction (i.e., in the direction of the p-material) as
efficiently as possible. In some embodiments, the metal
contact is itself reflective, and choosing an optimally reflec-
tive metal is advantageous. Given two interfaces within a
structure, the amplitude and phase of a reflected wave can be
approximated by using the complex refractive indices of the
materials within the structure. Using aluminium as a contact
to a p-type epitaxial oxide material has the clear advantage
that it reflects most of the incident light at relevant wave-
lengths. For example, at 265 nm Al reflects approximately
89% of the incident light. While this presents a clear
advantage in efficiently extracting the emitted light though
the substrate (e.g., Al,O5;, MgO, and MgAl,0,) side, it is
advantageous for the emitted and reflected light to interfere
constructively in that direction as well. Indeed, since in
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some embodiments the emission linewidths are below 20 nm
(i.e., less than 10% of the emission wavelength), good phase
coherence can be assumed with distances on the order of
10xA=~1 micron (where A is the wavelength of light within
the epitaxial oxide material), which is much larger than the
distances between the emitter and contact in conventional
structures (e.g., around 50 nm). The interference between
emitted and reflected waves is depicted in FIG. 143A for a
-90° reflected phase difference. Therefore, in this case,
destructive interference happens if the emitter is 3A/8n, or
7M8n (or 3A/8n+m/2n, where m is an integer and n the
cavity’s refractive index), away from the metal, and there-
fore structures with emitters placed at those distances should
be avoided. On the other hand, constructive interference
happens if the emitter is A/8n, or SA/8n=(or A/8n+mA/2n,
where m is an integer and n the cavity’s refractive index),
away from the metal, and therefore structures with emitters
placed at those distances are beneficial.

In some cases, the LED or laser substrate material has a
large refractive index contrast with the refractive indices of
the epitaxial oxide active layers. As a consequence, multiple
reflections between the p-metal contact mirror and the
epitaxial oxide/substrate interface can impact the optical
modes allowed inside the LED or laser structure, which will
impact the total light extracted from the LED or laser.

FIG. 143B schematically shows an LED structure on a
substrate. In this example, the emitter is placed at a distance
A8n from the metal contact. The light emitted to the right in
the figure (i.e., towards the metal contact) is firstly reflected
by the metal contact, and is in phase with the light emitted
to the left in the figure (i.e., towards the substrate) at the
emitter location. This is equivalent to saying that the emitter
sits at the optical mode antinode or, as said before, at a
constructive interference location. The left-traveling waves
henceforth are partially reflected at the interface with the
substrate. For the example in FIG. 143B, that interface is
3M/2n away from the emitter. At such a distance, the right-
traveling reflected waves interfere constructively with the
emitted waves at the emitter location. This corresponds to an
allowed etalon-like cavity mode. It is therefore advanta-
geous to place the emitter at the antinode of such a mode,
and tailor the distance between substrate interface and metal
mirror in such a way that the cavity mode wavelength
matches the emission wavelength. For the substrate/epitaxial
oxide layers/metal structure described in this example, this
would correspond to the metal mirror being located at a
distance of)/8n+m/2n, where m is an integer, away from the
emitter, and the substrate/epitaxial oxide layers interface
being located at a distance 1A/2n, where 1 is an integer, away
from the emitter. In this case, the emitter can benefit from a
much higher optical density of states at a mode inside the
light escape cone, and therefore an improvement in light
extraction efficiency can be achieved. At the resonance
wavelength, the ratio of the optical mode densities with
(0,na) and without (p, ;) a cavity is: p,,,./0, ,~2(R,R,)*/
[1-(R,R,)]. At the resonance wavelength, the directional
emission enhancement out the exit mirror (i.e., the substrate
in this example), G,, is simply given by the ratio of the
optical mode densities multiplied by the fraction of the light
exiting that mirror (i.e., 1-R,) divided by the average loss of
the two mirrors for one round trip in the cavity (i.e.,
[(1-R)+(1-R5)1/2), and G.=(p 0/ 01 p)*(A-R)/([(1-R )+
(1-R2)1/2).

The total directional emission enhancement G,,,, is pro-
portional to the cavity linewidth AA, which is inversely
proportional to the cavity length L_,,. Therefore, in order to
get the most benefit from the cavity over the widest emitted
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wavelength band, it is beneficial to bring the mirror as close
as possible to the emitter. In some embodiments, therefore,
it is beneficial to form a distributed Bragg reflector (DBR)
as part of the n-doped layers in the diode structure (e.g., the
structure shown in FIGS. 144A and 144B). This not only
improves light extraction, but also can reduce fabrication
costs by avoiding the growth of extra epitaxial layers.

In some cases, a DBR with sufficient reflectivity can be
made from epitaxial oxide materials arranged in short-period
superlattices (SPSLs) as constituents of each DBR layer. As
discussed below, using a plurality of SPSLs to form a DBR
can enable electron transport inside the DBR, while still
allowing for sufficient refractive index contrast between
layers. The materials in the SPSLs making up a DBR can
contain binary, ternary, or quaternary epitaxial oxide semi-
conductors, where alternating pairs (unit cells) of different
epitaxial oxide materials provide different effective indices
of refraction to the SPSL layers making up the DBR.

FIG. 144 A shows the schematic representation of a deep-
UV vertical LED structure 1900. It includes an epitaxial
oxide buffer 11960 grown on a suitable substrate 11970,
followed by an n-doped epitaxial oxide super-superlattice
(n-SSL) 11950, a not intentionally doped epitaxial oxide
material for light generation (i-layer) 11940, an epitaxial
oxide ohmic-chirp 11930 serving as a p-doping material, and
a metal reflector p-contact 11910. The term “super-superla-
ttice (SSL)” as used herein describes a structure made up of
repeating units, where the repeating units are two or more
different superlattices. The epitaxial oxide buffer 11960
thickness can be chosen to be a multiple of A/2n ,,, in order
to improve the DBR reflectivity. The n-SSL 11950 layer can
consist of many different epitaxial oxide materials, each of
them containing an SPSL with total thickness equal to
AM4n,+m;A2n,, where n, is the effective refractive index of
each material and mi an integer number that can be different
for each layer. Two such epitaxial oxide SPSLs 11952 and
11954 within the n-SSL are shown in FIG. 144A. For
example, epitaxial oxide SPSL layer 11952 can have SPSL
layer compositions and thicknesses to form a layer with a
first effective refractive index, and epitaxial oxide SPSL
layer 11954 can have different SPSL layer compositions and
thicknesses to form a layer with a second effective refractive
index. The DBR is then formed by repeating pairs of
epitaxial oxide SPSL layers, like layers 11952 and 11954,
throughout the n-SSL.

Continuing with FIG. 144A, the epitaxial oxide i-layer
11940 can contain an epitaxial oxide SPSL material whose
bandgap matches the cavity resonance, and whose thickness
is chosen such that the total cavity length between bottom
and top reflectors yields a cavity resonance that is similar to
the epitaxial oxide i-layer 11940 bandgap. The epitaxial
oxide ohmic-chirp 11930 provides hole injection into the
high-bandgap epitaxial oxide i-layer 11940 with a voltage
penalty that is as low as possible, and is chosen to be as thin
as possible to minimize light absorption. The top metal
contact 11910 (e.g., aluminium) can reflect the light back
towards the substrate 11970. Additionally, a mesa structure
is etched away to provide access into the n-SSL. 11950 for
contact with contacts 11920. Ideally the contacts 11920
contact a layer within the n-SSL. 1950 to yield the smallest
possible Schottky n-barrier. For example, this can be done
by making contact with the lowest bandgap, or highest
electron density, layers within the n-SSL layer. Alternatively,
more precise etch stopping techniques can be used to reduce
the Schottky barrier even further by using the polarization
doping techniques described herein. For example, the struc-
ture can be grown with a graded contact layer between the
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n-contact and a lower Al content layer within the n-SSL
material, to which the contacts 11920 can be coupled. Such
structures and methods can reduce the contact resistance for
the n-contact utilizing similar mechanisms as the ohmic-
chirp structure described for hole injection at the p-contact.

FIG. 144B shows the same structure 11900 shown in FIG.
19A, with an inset 11902 that shows a portion of the metal
contact 11910, the epitaxial oxide ohmic-chirp layer 11930,
and a portion of the not intentionally doped material for light
generation (epitaxial oxide i-layer) 11940. The ohmic chirp
layer 11930 and i-layer 11940 in this example are epitaxial
oxide SPSLs containing alternating layers of wider bandgap
and narrower bandgap epitaxial oxide materials 11982 and
11984 (note that in different embodiments, material 11982
can be either the wider bandgap material or the narrower
bandgap material, depending, for example, on the epi-
growth polarity). Additionally, in other embodiments, one or
more of the epitaxial oxide materials in the ohmic-chirp
layer 11930 can be different from those in the i-layer 11940.

In some embodiments, the structures and devices
described herein contain a contact layer with steep compo-
sition grading of one or more epitaxial oxide piezoelectric
materials close to a metal interface to create an ohmic
contact, or to reduce the contact resistance between the
epitaxial oxide layers and the metal layer. A steep compo-
sition grading of one or more piezoelectric epitaxial oxide
materials close to a metal interface can be realized and/or
applied in many different ways and using many different
materials apart from what is described above. A few addi-
tional examples will now be described.

If the goal is to reduce the Schottky resistance of an
n-contact (i.e., a contact to an n-type material), then in some
embodiments, k-Al,0;, k-Ga,0;, and/or k-(Al,Ga,_,),0,
where O<x<1, 1=y=<3, and 2=<7<4, materials can be used with
metal-polar faces facing the n-contact metal layer. In such
cases, contact layers or ohmic-chirp layers similar to those
described above can be used with the composition grading
within the ohmic-chirp layer ending with a high-aluminium
composition. In some embodiments, contact layers or
ohmic-chirp layers with metal-polar growth faces have the
advantage that no absorptive layers (i.e., no layers with an
effective bandgap low enough to absorb the emitted light),
no matter how thin, is needed.

In further examples where the goal is to reduce the
Schottky resistance of an n-contact (i.e., a contact to an
n-type material), then in some embodiments, k-Al,O;,
K-Ga,0;, and/or x~(Al,Ga,_,),0, where O=x=1, 1<y=3, and
2<7=<4, materials can be used with oxygen-polar faces facing
the n-contact metal layer. In such cases, contact layers or
ohmic-chirp layers similar to those described above can be
used with the composition grading within the ohmic-chirp
layer ending with a low-aluminium composition.

If the goal is to reduce the Schottky resistance of a
p-contact (i.e., a contact to a p-type material), then in some
embodiments k-AlLOs, k-Ga,0;, and/or k-(AlGa, ) O,
where O<x<1, 1=y<3, and 2=<7=<4, materials with oxygen-
polar faces facing the p-contact metal layer can be used,
provided that the aluminium composition is graded and ends
with a high-aluminium composition close to the metal
contact. Furthermore, other types of compositional gradients
(e.g., smooth gradients, or stepped compositional changes,
rather than chirped layers) can also be used with metal-polar
faces and composition grading ending with a low-aluminium
composition for p-contacts. Conversely, in some embodi-
ments, K-Al,O;, k-Ga,0;, and/or k-(AlGa,_,),0, where
O=x=l, 1=y=3, and 2<7z=4, materials with oxygen-polar
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faces contain a graded composition that ends with a low
aluminium composition next to the n-contact.

In some embodiments, the graded, or chirped, region is
thin, however the exact way the composition is graded down
can take many forms (e.g., chirped layers, smooth gradients,
or stepped compositional changes). For example, inserting
one thin (roughly 1 nm thick) low Al content
K-(AlGa, )0, layer in front of a high Al content metal-
polar k-(ALGa,_.) O, layer (where the low Al content layer
is next to a metal contact) may be enough to reduce the
Schottky resistance considerably (through the creation of
polarization fields that modify the free-carrier concentra-
tions at the interface).

In some embodiments, a k-ALO,/k-Ga O, chirp layer
(where 1=y=<3 and 2<7<4) can be used in a semiconductor-
metal junction to create a low resistance p-contact or n-con-
tact containing k-Al O, and x-Ga O, sublayers.

In some embodiments, a k-Al O,/k-Ga O, chirp layer can
be used in a semiconductor-metal junction to create a low
resistance p-contact containing k-ALO, and Kk-Ga,O,
sublayers with metal-polar faces facing the metal layer, and
a gradient in the k-AL O, and/or x-Ga,O, sublayer thick-
nesses with low k-Al O, content adjacent to the semicon-
ductor/metal interface. For example, the k-Al O, sublayers
can be thicker at the beginning of the chirp layer (farther
from the metal contact) and thinner at the end of the chirp
layer (nearer to the metal contact). In another example, the
K-Ga O, sublayers can be thinner at the beginning of the
chirp layer (farther from the metal contact) and thicker at the
end of the chirp layer (nearer to the metal contact). In
another example, the k-Al O, sublayers can be thicker at the
beginning of the chirp layer (farther from the metal contact)
and thinner at the end of the chirp layer (nearer to the metal
contact), and the k-Ga, O, sublayers can be thinner at the
beginning of the chirp layer (farther from the metal contact)
and thicker at the end of the chirp layer (nearer to the metal
contact).

In some embodiments, a wider bandgap (higher Al con-
tent) k-(Al,,Ga,_,),0 /narrower bandgap (lower Al con-
tent) k-(Al,Ga,_,2),0O, chirp layer (where Osx1=<1, 0=x2x<1,
l=<y<>, and 2=z=4) can be used in a semiconductor-metal
junction to create a low resistance p-contact or n-contact
containing  k-(Al,,Ga, ,,),0, and x-(Al,Ga,_,2)0,
sublayers.

In some embodiments, a wider bandgap (higher Al con-
tent) k-(Al,,Ga,_,),0 /marrower bandgap (lower Al con-
tent) k-(Al,Ga,_,,), O, chirp layer can be used in a semi-
conductor-metal junction to create a low resistance p-contact
containing a wider bandgap (higher Al content)
x-(Al,,Ga, _,,),0, and narrower bandgap (lower Al content)
K-(Al,Ga,_,,),0, sublayers with metal-polar faces facing
the metal layer, and a gradient in the wider bandgap (higher
Al content) x-(Al,Ga,_,,),0, and/or narrower bandgap
(lower Al content) k-(Al ,Ga,_,2) O, sublayer thicknesses
with low average aluminium content adjacent to the semi-
conductor/metal interface. For example, the wider bandgap
1-(Al,,Ga,_,,),0, sublayers can be thicker at the beginning
of'the chirp layer (farther from the metal contact) and thinner
at the end of the chirp layer (nearer to the metal contact). In
another example, the narrower bandgap k-(Al,,Ga,_,,),0,
sublayers can be thinner at the beginning of the chirp layer
(farther from the metal contact) and thicker at the end of the
chirp layer (nearer to the metal contact). In another example,
the wider bandgap x-(Al,,Ga,_,,),O, sublayers can be
thicker at the beginning of the chirp layer (farther from the
metal contact) and thinner at the end of the chirp layer
(nearer to the metal contact), and the narrower bandgap
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x-(Al,Ga, _,,),0, sublayers can be thinner at the beginning
of'the chirp layer (farther from the metal contact) and thicker
at the end of the chirp layer (nearer to the metal contact).

In some embodiments, a k-Al,O,/k-Ga,O, chirp layer
(where 1=y=3 and 2<7<4) can be used in a semiconductor-
metal junction to create a low resistance n-contact contain-
ing k-ALO, and k-Ga, O, sublayers with metal-polar faces
facing the metal layer, and a gradient in the x-AlL O, and
K-Ga O, sublayer thicknesses with high k-Al O, content
adjacent to the semiconductor/metal interface. For example,
the k-Al,O, sublayers can be thinner at the beginning of the
chirp layer (farther from the metal contact) and thicker at the
end of the chirp layer (nearer to the metal contact). In
another example, the k-Ga, O, sublayers can be thicker at the
beginning of the chirp layer (farther from the metal contact)
and thinner at the end of the chirp layer (nearer to the metal
contact). In another example, the k-Al O, sublayers can be
thinner at the beginning of the chirp layer (farther from the
metal contact) and thicker at the end of the chirp layer
(nearer to the metal contact), and the x-Ga, O, sublayers can
be thicker at the beginning of the chirp layer (farther from
the metal contact) and thinner at the end of the chirp layer
(nearer to the metal contact). In some embodiments, similar
structures as the above can be formed using wider bandgap
K-(Al,Ga,_,),0O,/marrower bandgap x-(Al,Ga,_,),0, in the
chirp layer instead of x-AlLO,/k-Ga, 0, .

In some embodiments, a k-Al,O,/k-Ga,O, chirp layer
(where 1=y=3 and 2<7<4) can be used in a semiconductor-
metal junction to create a low resistance p-contact contain-
ing k-AL O, and k-Ga, O, sublayers with oxygen-polar faces
facing the metal layer, and a gradient in the k-Al, O, and/or
K-Ga, O, sublayer thicknesses with high x-Al,O, content
adjacent to the semiconductor/metal interface. For example,
the k-Al,O, sublayers can be thinner at the beginning of the
chirp layer (farther from the metal contact) and thicker at the
end of the chirp layer (nearer to the metal contact). In
another example, the k-Ga, O, sublayers can be thicker at the
beginning of the chirp layer (farther from the metal contact)
and thinner at the end of the chirp layer (nearer to the metal
contact). In another example, the k-Al O, sublayers can be
thinner at the beginning of the chirp layer (farther from the
metal contact) and thicker at the end of the chirp layer
(nearer to the metal contact), and the x-Ga, O, sublayers can
be thicker at the beginning of the chirp layer (farther from
the metal contact) and thinner at the end of the chirp layer
(nearer to the metal contact). In some embodiments, similar
structures as the above can be formed using wider bandgap
K-(Al,Ga,_,),0O,/marrower bandgap x-(Al,Ga,_,),0, in the
chirp layer instead of k-Al O /k-Ga O,.

In some embodiments, a k-Al,O,/k-Ga,O, chirp layer
(where 1=y=3 and 2<7<4) can be used in a semiconductor-
metal junction to create a low resistance n-contact contain-
ing k-AL O, and k-Ga, 0O, sublayers with oxygen-polar faces
facing the metal layer, and a gradient in the k-Al O, and/or
K-Ga, O, sublayer thicknesses with low k-Al O, content
adjacent to the semiconductor/metal interface. For example,
the k-AL O, sublayers can be thicker at the beginning of the
chirp layer (farther from the metal contact) and thinner at the
end of the chirp layer (nearer to the metal contact). In
another example, the k-Ga, O, sublayers can be thinner at the
beginning of the chirp layer (farther from the metal contact)
and thicker at the end of the chirp layer (nearer to the metal
contact). In another example, the k-Al O, sublayers can be
thicker at the beginning of the chirp layer (farther from the
metal contact) and thinner at the end of the chirp layer
(nearer to the metal contact), and the k-Ga, O, sublayers can
be thinner at the beginning of the chirp layer (farther from
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the metal contact) and thicker at the end of the chirp layer
(nearer to the metal contact). In some embodiments, similar
structures as the above can be formed using wider bandgap
K-(Al,Ga,_,) O, /marrower bandgap k-(Al,Ga,_,),0, in the
chirp layer instead of x-AlLO,/k-Ga, 0, .

In addition to creating a piezoelectric field gradient and
polarization doping adjacent to a contact using a composi-
tional gradient, it is also possible to induce polarization
charges using strain only, or compositional gradients and
strain gradients together, in some embodiments. For
example, a constant composition piezoelectric epitaxial
oxide material can be used where the strain is steeply
changed, adjacent to a metal contact, either in z or in the x-y
plane as a function of z (where z is the growth direction, and
the x-y plane is perpendicular to the growth direction), to
create a layer with a high polarization-induced electric field.
Therefore, in various embodiments (e.g., to form p-contacts
or n-contacts) strain can be engineered into piezoelectric
epitaxial oxide materials to create the high polarization-
induced electric field (instead of, or in addition to, compo-
sitional gradients) that advantageously affects epitaxial
oxide semiconductor-metal interface properties (as
described in detail above for chirped layers). Similar to the
different embodiments of compositionally graded epitaxial
oxide contact layers described above, strained epitaxial
oxide contact layers can be engineered to create low resis-
tance ohmic contacts to either n- or p-contacts. For example,
the contact layer can be designed for n- or p-contacts by
changing the crystal orientation (e.g., metal-polar or oxy-
gen-polar), and/or the type of strain (e.g., compressive or
tensile) within the region in the contact layer adjacent to the
metal.

Furthermore, the epitaxial oxide contact layer or chirp
layer requires piezoelectric epitaxial oxide materials whose
spontaneous and/or induced piezoelectric polarization
depends on material composition and/or strain, and these
materials are not limited to k-(AlGa, ,) O, materials.
Therefore, contact layers (e.g., chirp layers, layers with
smooth compositional gradients, or layers with strain gra-
dients, as described above) can be created from any polar
epitaxial oxide material (e.g., x-(AlGa,_,),0,, where
O=x=<l, 1=<y=3, and 2=z=4; Li(Al Ga,_,)O, where O=x=l,
with a Pna21 or a P421212 space group; or other epitaxial
oxide materials in a strained state).

Furthermore, epitaxial oxide contact layers, epitaxial
oxide chirp layers, epitaxial oxide layers with compositional
gradients, or epitaxial oxide layers with strain (as described
above) that provide reduced contact resistance with a metal
contact (compared to conventional structures) are not lim-
ited to LED or laser applications, but can also be used in any
applications that require low resistance ohmic contact to
semiconductor materials (e.g., to high-bandgap piezoelectric
materials). Some examples include high-mobility RF tran-
sistors, and high-breakdown power transistors.

On the other hand, some other applications need a resis-
tance across a semiconductor/metal interface that is as high
as possible (e.g., through the use of high Schottky barriers),
such as in high-voltage Schottky diodes, or control gates in
RF- and power-transistors. In these cases, epitaxial oxide
chirp layers, layers with compositional gradients, or epi-
taxial oxide layers with strain similar to those described
above can also be applied, in a reversed fashion, to hinder
carrier transport across the epitaxial oxide semiconductor/
metal interface. For example, a metal-polar x-(Al,Ga, _,),0,
material can be graded up to high aluminium content at the
metal contact interface, which would create polarization
fields that could increase the p-contact resistance for holes
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compared to a homogeneous k-(Al,Ga,_,) 0O, /metal inter-
face. More generally, as described above, depending on the
polarity of the growth faces, and the application to an n- or
p-contact, a chirp layer, layer with compositional gradient,
or layer with strain (as described above) can be tailored to
different situations, for example, by reversing the grading
direction or the growth polarity to hinder carrier transport
across the epitaxial oxide semiconductor/metal interface.

In a first aspect, the present disclosure provides a semi-
conductor structure comprising: a crystalline substrate; a
first region, on the crystalline substrate, comprising a first
region superlattice with first region superlattice unit cells,
and an active region, adjacent to the first region, comprising
an active region superlattice with active region superlattice
unit cells. The first region superlattice unit cells comprise: a
first epitaxial layer; and a second epitaxial layer. The active
region superlattice unit cells comprise: a third epitaxial layer
comprising (Al,;Ga,_,3),50,;, wherein x3 is from 0 to 1,
wherein y3 is from 1 to 3, and wherein 73 is from 2 to 4; and
a fourth epitaxial layer comprising (Al,,Ga, _.4),40.,,4, where
x4 is from 0 to 1, wherein y4 is from 1 to 3, and wherein 74
is from 2 to 4.

In another form, the first epitaxial layer comprises a first
epitaxial oxide material, and the second epitaxial layer
comprises a second epitaxial oxide material.

In another form, the first epitaxial layer comprises
(Al,,Ga,_,,),,0,,, wherein x1 is from 0 to 1, wherein y1 is
from 1 to 3, and wherein z1 is from 2 to 4, and wherein the
second epitaxial layer comprises (Al,Ga,_,,),0,,,
wherein x2 is from 0 to 1, wherein y2 is from 1 to 3, and
wherein z2 is from 2 to 4.

In another form, the first epitaxial layer comprises a first
epitaxial oxide material, and wherein the second epitaxial
layer comprises a second epitaxial oxide material.

In another form, the first epitaxial layer comprises
(Al,Ga,_,,),,0,,, wherein x1 is from 0 to 1, wherein y1 is
from 1 to 3, and wherein z1 is from 2 to 4, and wherein the
second epitaxial layer comprises (Al,Ga,_,,),0,,,
wherein x2 is from 0 to 1, wherein y2 is from 1 to 3, and
wherein z2 is from 2 to 4.

In another form, first epitaxial oxide material and/or the
second epitaxial oxide material comprises NiO;
(ngaznl —xa)za (AlyaGal—ya)2(l —Za)o3—2za Where O=xasl El
Osya<l and Oszasl; (Mg,Ni, )., (Al,Ga,_ ). .
O;_,., where O=xb=l, O<yb=l and O=zb=<l; MgAl,O,;
ZnGa,0,; (Mg, Zn, Ni, . . )AL Ga, ,),0, where
O=xc=l, Osyc=l; (Al Ga,_ ),(51,Ge, ,)Os where
O=xd=l and O=zd<l; (Al Ga,_,),Li0, where O=xex<l; or
Mg Zn, ., Ni J,GeO, where Osxfsl, O<yf=l.

In another form, the first, or the second, or both the first
and the second epitaxial layers is doped n-type.

In another form, the first, or the second, or both the first
and the second epitaxial layers is doped p-type.

In another form, an average alloy content of the first
region superlattice unit cells and of the active region super-
lattice unit cells is constant along a growth direction.

In another form, the first, second, third and/or fourth
epitaxial layer is strained.

In another form, the first and the second epitaxial layers
have opposing strains, and wherein the third and fourth
epitaxial layers have opposing strains.

In another form, the semiconductor structure, further
comprises a second region, adjacent to the active region, the
second region comprising a second region superlattice with
second region superlattice unit cells.

In another form, the second superlattice region unit cells
comprise: a fifth epitaxial layer comprising a fifth compo-
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sition of (Al ;Ga,_,5),50,5, wherein x5 is from 0 to 1,
wherein y5 is from 1 to 3, and wherein z5 is from 2 to 4; and
a sixth epitaxial layer comprising a sixth composition of
(Al Ga,_,6),60.5 Where x6 is from 0 to 1, wherein y6 is
from 1 to 3, and wherein z6 is from 2 to 4.

In another form, the second region superlattice unit cells
comprise a p-type epitaxial oxide material.

In another form, the third epitaxial layer and/or the fourth
epitaxial layer has a Pna2l space group.

In another form, the substrate is A-plane sapphire,
C-plane sapphire, M-plane sapphire, R-plane sapphire,
Ga,0,;, or MgO.

In another form, an optoelectronic semiconductor device
comprises the semiconductor structure.

In another form, a light emitting diode (LED) that emits
light with a wavelength from 150 nm to 280 nm comprising
the semiconductor structure.

In another form, a laser that emits light with a wavelength
from 150 nm to 280 nm comprises the semiconductor
structure.

In a second aspect, the present disclosure provides a
semiconductor structure comprising: a p-type epitaxial
oxide region comprising a p-type superlattice; an n-type
epitaxial oxide region comprising an n-type superlattice; and
an active epitaxial oxide region comprising an active region
superlattice, wherein the active epitaxial oxide region is
positioned between the n-type epitaxial oxide region and the
p-type epitaxial oxide region, wherein the n-type, p-type and
active epitaxial oxide regions each comprise aluminum and
gallium.

In another form, the n-type, p-type and active epitaxial
oxide regions each comprise a composition of
(Al Ga,_,),0,, wherein x is from 0 to 1, wherein y is from
1 to 3, and wherein z is from 2 to 4.

In another form, the n-type, p-type and active epitaxial
oxide regions each comprise a composition of (Al,Ga, _,),0,
with a Pna21 space group, wherein x is from 0 to 1, wherein
y is from 1 to 3, and wherein z is from 2 to 4.

In a third aspect, the present disclosure provides a semi-
conductor structure comprising a substrate; and a first doped
superlattice on the substrate, the first doped superlattice
comprising alternating first host layers and first dopant
impurity layers, wherein the first host layers comprise a first
epitaxial oxide material, and the first dopant impurity layers
comprise a first dopant material.

In another form, the first dopant impurity layers comprise
a monolayer of the first dopant material.

In another form, the first dopant impurity layers comprise
a second epitaxial oxide material doped with the first dopant
material.

In another form, the first epitaxial oxide material com-
prises (Al,,Ga,_,,),,0,,, where x1 is from 0 to 1, y1 is from
1 to 3, and 71 is from 2 to 4, and wherein the first dopant
material comprises Li, Ga, Zn, N, Ir, Bi, Ni, Mg and/or Pd.

In another form, the first epitaxial oxide material com-
prises (Al ,Ga,_,),,0,,, where x1 is from O to 1, y1 is from
1to 3, and z1 is from 2 to 4, and wherein the second dopant
material comprises Si, Ge, Sn, and/or a rare earth metal.

In another form, the semiconductor structure, further
comprises: an intrinsic region comprising a third epitaxial
oxide material; and a second doped region comprising a
fourth epitaxial oxide material, wherein the intrinsic region
is located between the first doped superlattice and the second
doped region.

In another form, the intrinsic region further comprises an
intrinsic region superlattice comprising the third epitaxial
oxide material and a fifth epitaxial oxide material.
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In another form, the third epitaxial oxide material com-
prises (Al ,Ga,_,) ,O,,, where x2 is from 0 to 1, y2 is from
1 to 3, and 22 is from 2 to 4.

In a fourth aspect, the present disclosure provides a
method of forming a doped superlattice, comprising: a)
loading a substrate into a reaction chamber; b) heating the
substrate to a film formation temperature; ¢) forming on the
substrate a host layer comprising a first epitaxial oxide
material; d) forming on the host layer an impurity layer
comprising a first dopant material; ) forming on the impu-
rity layer a host layer comprising the first epitaxial oxide
material; f) repeating steps d) to e) until the superlattice
reaches a desired thickness.

In another form, the first epitaxial oxide material com-
prises (Al,,Ga,_,),,0,,, where x is from 0 to 1, y is from
1 to 3, and z is from 2 to 4.

In another form, the first epitaxial oxide material is Ga,O,
with an R-3¢ space group.

In another form, the impurity layer comprises a mono-
layer of the first dopant material.

In another form, the impurity layer comprises a second
epitaxial oxide material doped with the first dopant material.

In another form, the first dopant material comprises Li, N,
Ir, Bi, and/or Pd.

In another form, the first dopant material comprises Si,
Ge, Sn, and/or a rare earth metal.

In another form, the thickness of each of the host layers
in the superlattice is less than 10 nm.

In another form, the thickness of each of the impurity
layers in the superlattice is less than 1 nm.

In a fifth aspect, the present disclosure provides a semi-
conductor structure comprising: a substrate comprising a
first in-plane lattice constant; a graded buffer layer, on the
substrate, comprising (Al,,Ga,_,,),,0,,, wherein x1 is from
0 to 1, wherein y1 is from 1 to 3, wherein z1 is from 2 to 4,
and wherein x1 varies in a growth direction such that the
graded buffer layer has the first in-plane lattice constant
adjacent to the substrate and a second in-plane lattice
constant at a surface of the graded buffer layer opposite the
substrate; and a first region, on the graded buffer region,
comprising a first epitaxial oxide material comprising the
second in-plane lattice constant.

In another form, the first epitaxial oxide material com-
prises (Al,,Ga,_,,),,0,,, wherein x2 is from 0 to 1, wherein
y2 is from 1 to 3, wherein z2 is from 2 to 4.

In another form, the first epitaxial oxide material com-
prises NiO; (Mg, Zn, ). (AL Ga,_ )5 O3 5., Where
O=xa<l, O=syaxl and  O=za=l; Mg, ,Ni; ).,
(Al,Ga,_p)o1 )O3 5., Wwhere Osxbsl, Osyb<l and
O=zb<l; MgAl, O,  ZnGa,0,, (Mg, Zn, Nij . .)
(Al, Ga,_,),0, where Osxc=l, Osycs<l; (Al Ga,_.,),
(Si,,Ge,_, )05 where O=xd=1 and O=<zd=<1;
(AL, Ga,_,.),L10, where O=xe=l; or
Mg Zn,_ . Ni J,GeO, where Osxf<l, O=syf=l.

In another form, the first epitaxial oxide material is
strained.

In another form, the first epitaxial oxide material has a
bandgap from 4.5 eV to 9.0 eV.

In another form, the first region comprises one or more
superlattices.

In another form, the first region comprises an n-type
region, an i-type region, and a p-type region.

In another form, an optoelectronic semiconductor device
comprises the semiconductor structure, wherein the semi-
conductor device is a light emitting diode (LED) that emits
light with a wavelength from 150 nm to 280 nm, or a laser
that emits light with a wavelength from 150 nm to 280 nm.
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In a sixth aspect, the present disclosure provides, a
semiconductor structure comprising: a first region compris-
ing a first epitaxial oxide material; a second region com-
prising a second epitaxial oxide material; and a graded
region, located between the first and the second regions,
comprising: (Al,,Ga,_,,),,0,,, wherein x1 is from 0 to 1,
wherein yl is from 1 to 3, wherein z1 is from 2 to 4, and
wherein the (Al Ga,_,),,0, comprises a Pna2l crystal
symmetry with a polarization axis parallel to a growth axis;
and a monotonic change in average composition of the
(AL, Ga,_,,),,0,, along the growth axis, from a first average
composition adjacent to the first region to a second average
composition adjacent to the second region, to induce n-type
or p-type conductivity in the graded region.

In another form, the first epitaxial oxide material com-
prises a first composition of (Al ,Ga,_,),,0,,, wherein x2
is from O to 1, wherein y2 is from 1 to 3, wherein 72 is from
2 to 4, and wherein the second epitaxial layer comprises a
second composition of (Al ;Ga,_,3),50,;, wherein x3 is
from O to 1, wherein y3 is from 1 to 3, wherein z3 is from
2 to 4.

In another form, the first epitaxial oxide material and/or
the second epitaxial oxide material comprises NiO;
(ngaznl—xa)za (AlyaGal—ya)2(l—za)o3—2za Where O=xasl El
Osya<l and Oszas<l; (Mg,Ni, ;). ,(Al,Ga;_ ;)50 .4
O;_,., where O=xb=zl, O<yb=l and O=zb=<l; MgAl,O,;
ZnGa,0,; (Mg, Zn, Ni, . . )Al Ga, ,),0, where
O=xc=l, Osyc=l; (Al Ga, . ),(51,,Ge, ,)Os where
O=xd=<l and O=<zd<l; (Al Ga,_,,),Li0, where O=xex<l; or
Mg, Zn,_ . Ni J,GeO, where O=xf<l, O=yf<l. In another
form, the first and/or the second region is strained.

In another form, the first and the second epitaxial oxide
materials have bandgaps that are each from 4.5 eV t0 9.0 eV.

In another form, the bandgap of the first epitaxial oxide
materials is at least 1 eV different than the bandgap of the
second epitaxial oxide material.

In another form, an optoelectronic semiconductor device
comprises the semiconductor structure, wherein the semi-
conductor device is a light emitting diode (LED) that emits
light with a wavelength from 150 nm to 280 nm, or a laser
that emits light with a wavelength from 150 nm to 280 nm.

In seventh aspect, the present disclosure provides, a
semiconductor structure comprising: a first region compris-
ing a first epitaxial oxide material; a second region com-
prising a second epitaxial oxide material; and a chirp layer,
located between the first and the second regions, comprising
alternating layers of a wide bandgap (WBG) epitaxial oxide
material layer and a narrow bandgap (NBG) epitaxial oxide
material layer, where the thicknesses of the NBG layers and
the WBG layers change throughout the chirp layer, wherein
the WBG  epitaxial oxide material comprises
(AL, Ga,_,,),,0,,, wherein x1 is from 0 to 1, wherein y1 is
from 1 to 3, and wherein z1 is from 2 to 4, and the NBG
epitaxial oxide materials comprises (Al,Ga,_.,),,0,,,
wherein x2 is from 0 to 1, wherein y2 is from 1 to 3, and
wherein z2 is from 2 to 4, and wherein x1 and x2 have values
that are different from one another by an amount from 0.1 to
1.

In another form, each of the regions comprises a polar
material, and wherein there are no abrupt changes in polar-
ization at interfaces between each region.

In another form, the first epitaxial oxide material com-
prises (Al ;Ga,_3) 0,5, wherein x3 is from O to 1, wherein
y3 is from 1 to 3, wherein 73 is from 2 to 4, and wherein the
second epitaxial layer comprises a second composition of
(AlL,Ga,_,4),40,,, wherein x4 is from 0 to 1, wherein y4 is
from 1 to 3, wherein z4 is from 2 to 4.
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In another form, the first epitaxial oxide material and/or
the second epitaxial oxide material comprises NiO;
(ngaznl —xa)za (AlyaGal—ya)2(l —Za)o3—2za Where O=xasl El
Osya<l and Oszas<l; (Mg, Ni,_,).,(AL,Ga;_.)o s
O;_,,, where O=xbsl, Osyb=l and O=zb=l; MgAl,O,;
ZnGa,0,; (Mg, Zn, Ni, . . )AL Ga, ,),0, where
O=xc=<l, Osyc=l; (Al Ga,_.,).(Si.Ge, ,)Os where
O=xd=l and 0=zd<l; (Al _Ga,_,,),[i0, where O=sxe<l; or
Mg Zn, . ,Ni ),GeO, where 0=xf=l, O=yf=<l.

In another form, the first and/or the second region is
strained.

In another form, the second effective bandgap is at least
1 eV larger than the first effective bandgap.

In another form, an optoelectronic semiconductor device
comprises the semiconductor structure, wherein the semi-
conductor device is a light emitting diode (LED) that emits
light with a wavelength from 150 nm to 280 nm, or a laser
that emits light with a wavelength from 150 nm to 280 nm.

In an eight aspect, the present disclosure provides, a
semiconductor structure comprising: a first region compris-
ing first superlattice, the first superlattice comprising: a
plurality of first epitaxial oxide layers; a plurality of second
epitaxial oxide layers; a second region comprising a fifth
epitaxial oxide layer; and a chirp layer, between the first
region and the second region, comprising: a plurality of third
epitaxial oxide layers comprising (Al,;Ga, _;3),50,, where
x3 is from 0 to 1, y3 is from 1 to 3, and 73 is from 2 to 4;
and a plurality of fourth epitaxial oxide layers comprising
(Al ,Ga,_4),,0,,, where x4 is from 0 to 1, y4 is from 1 to
3, and z4 is from 2 to 4.

In another form, the plurality of first epitaxial oxide layers
comprises (Al,Ga,_,),,0,,, where x1 is from O to 1, y1 is
from 1 to 3, and z1 is from 2 to 4, and wherein the plurality
of second epitaxial oxide layers comprises
(Al,,Ga,_,,),,0,,, where x2 is from 0 to 1, y2 is from 1 to
3, and 72 is from 2 to 4.

In another form, the plurality of first epitaxial oxide layers
and the plurality of second epitaxial oxide layers comprise
NiO; (Mg Zn,_.)., (AL, Ga,_,.)oq 0035,  Where
O=xa<l, O=syaxl and  O=zaxl; Mg, ,Ni; ).,
(Al,Ga,_p)o1 )O3 5., Wwhere Osxbsl, Osyb<l and
O=zb<l; MgAl, O,  ZnGa,0,, (Mg, Zn, Nij . .)
(Al, Ga,_,),0, where Osxc=l, Osycs<l; (Al Ga,_.,),
(Si,,Ge,_, )05 where O=xd=1 and O=<zd=<1;
(AL, Ga,_,.),L10, where O=xe=l; or
Mg Zn, .. Ni J,GeO, where Osxfsl, Osyf=l.

In another form, the plurality of first, second, third and/or
fourth epitaxial oxide layers is strained.

In another form, the superlattice comprises a first effective
bandgap, wherein the fifth epitaxial oxide layer comprises a
fifth bandgap, and wherein the first effective bandgap and
the fifth bandgaps are from 3.0 eV to 9.0 eV.

In another form, values of overlap integrals between
different electron wavefunctions in a conduction band of the
chirp layer are less than 0.05 for intersubband transition
energies greater than 1.0 eV, when the structure is biased at
an operating potential.

In another form, values of overlaps between electron
wavefunctions and barrier centers in a conduction band of
the chirp layer are less than 0.3 nm~', when the structure is
biased at an operating potential.

In another form, the thicknesses of the plurality of third
epitaxial oxide layers, or the thicknesses of the plurality of
fourth epitaxial oxide layers, or the thicknesses of both the
pluralities of the third and the fourth epitaxial oxide layers,
change throughout the chirp layer.
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In another form, the thicknesses of the plurality of the
third and/or the fourth epitaxial oxide layers changes mono-
tonically throughout the chirp layer.

In another form, the second region further comprises: a
plurality of fifth epitaxial oxide layers; and a plurality of
sixth epitaxial oxide layers.

In another form, the plurality of fifth and/or sixth epitaxial
oxide semiconductor layers is strained.

In another form, a semiconductor device comprises the
semiconductor structure, wherein the semiconductor device
is a light emitting diode (LED), a short wavelength LED, a
UV-C LED, a UV-A LED, a bipolar junction transistor, a
power transistor, a vertical field-effect transistor (FET), or a
semiconductor laser.

In a ninth aspect, the present disclosure provides, a
semiconductor structure comprising: a first region compris-
ing a first epitaxial oxide layer; a second region comprising
a second epitaxial oxide layer; and a chirp layer, between the
first region and the second region, comprising: a plurality of
third epitaxial oxide layers comprising (Al ;Ga,_,5)y50.5,
where x3 is from 0 to 1, y3 is from 1 to 3, and 73 is from
2 to 4; and a plurality of fourth epitaxial oxide layers
comprising (Al ,Ga, _4) ,0,,, where x4 is from 0 to 1, y4
is from 1 to 3, and z4 is from 2 to 4.

In another form, the first epitaxial oxide layer comprises
(AL, Ga,_,,),,0,,, where x1 is from O to 1, y1 is from 1 to
3, and 71 is from 2 to 4, and wherein the second epitaxial
oxide layer comprises (Al ,Ga, ) ,0,,, where x2 is from
0to 1,y2is from 1 to 3, and 72 is from 2 to 4.

In another form, the first region, the second region and/or
the chirp layer comprises NiO; (Mg, 7n;_..).,
(AL, Ga, )50 0035, where O=xa<l, O<ya<l and
Osza<l; (Mg,Ni,_,)7zb(AlL,Ga,_ ;)5 .5 Os 5, where
O=xb=l, O=yb=l and O=zb=l; MgAl,O,; ZnGa,0,;
Mg, .Zn, Ni, . )AL Ga,_),0, where O=xc=l
O=<yc=l; (Al Ga,_.,)-(Si,/Ge,_.,)Os where O=xd=<l and
O=<zd<l; (Al_Ga,_,.),Li0, where O=sxesl; or
(Mg, Zn, ., ,Ni ),GeO, where 0=xf<l, O=yf=<l.

In a tenth aspect, the present disclosure provides, a
semiconductor structure comprising: a first epitaxial oxide
semiconductor layer; a metal layer; and a contact layer
adjacent to the metal layer, and between the first epitaxial
oxide semiconductor layer and the metal layer, the contact
layer comprising: an epitaxial oxide semiconductor mate-
rial; and a region comprising a gradient in the epitaxial oxide
semiconductor material composition adjacent to the metal
layer.

In another form, the epitaxial oxide semiconductor mate-
rial comprises a piezoelectric epitaxial oxide material with a
spontaneous piezoelectric polarization aligned with a
growth direction.

In another form, the gradient in the epitaxial oxide semi-
conductor material composition over the region adjacent to
the metal layer within the contact layer comprises a
smoothly varying compositional gradient.

In another form, the contact layer comprises a chirp layer
comprises: alternating wide bandgap sublayers and narrow
bandgap sublayers; and a compositional gradient formed by
varying thicknesses of the sublayers through the contact
layer.

In another form, the contact layer forms a p-contact with
the metal layer; and the ohmic-chirp layer further comprises:
(Al Ga,__),0; materials, where x is from 0 to 1, with
metal-polar faces facing the metal layer; an average alu-
minium oxide content per period; and a gradient in the
average aluminium oxide content per period comprising a
lower average aluminium oxide content per period close to
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the metal layer and a higher average aluminium oxide
content per period farther away from the metal layer.

In another form, the contact layer forms an n-contact with
the metal layer; and the ohmic-chirp layer further comprises:
(AL, Ga,_,),0O; materials, where x is from 0 to 1, with
oxygen-polar faces facing the metal layer; an average alu-
minium oxide content per period; and a gradient in the
average aluminium oxide content per period comprising a
lower average aluminium oxide content per period close to
the metal layer and a higher average aluminium oxide
content per period farther away from the metal layer.

In another form, the contact layer forms a p-contact with
the metal layer; and the ohmic-chirp layer further comprises:
(Al Ga,__),0; materials, where x is from 0 to 1, with
oxygen-polar faces facing the metal layer; an average alu-
minium oxide content per period; and a gradient in the
average aluminium oxide content per period comprising a
higher average aluminium oxide content per period close to
the metal layer and a lower average aluminium oxide
content per period farther away from the metal layer.

In another form, the contact layer forms an n-contact with
the metal layer; and the ohmic-chirp layer further comprises:
(Al Ga,__),0; materials, where x is from 0 to 1, with
metal-polar faces facing the metal layer; an average alu-
minium oxide content per period; and a gradient in the
average aluminium oxide content per period comprising a
higher average aluminium oxide content per period close to
the metal layer and a lower average aluminium oxide
content per period farther away from the metal layer.

In another form, the metal layer comprises one or more of
Ni, Os, Se, Pt, Pd, Ir, W, Au, and alloys thereof.

In another form, the metal layer comprises one or more of
Ba, Na, Cs, Nd, and alloys thereof.

In another form, a semiconductor device comprises the
semiconductor structure, wherein the semiconductor device
is an optoelectronic device with wavelengths ranging from
infra-red to deep-ultraviolet, a light emitting diode, a laser
diode, a photodetector, a solar cell, a high-power diode, a
high-power transistor, a transducer, or a high electron mobil-
ity transistor.

In an eleventh aspect, a semiconductor structure com-
prises: a first epitaxial oxide semiconductor layer; a metal
layer; and a contact layer adjacent to the metal layer, and
between the first epitaxial oxide semiconductor layer and the
metal layer, comprising: an epitaxial oxide semiconductor
material; and a gradient in the epitaxial oxide semiconductor
material strain over a region adjacent to the metal layer.

In another form, the epitaxial oxide semiconductor mate-
rial comprises a piezoelectric epitaxial oxide material with a
spontaneous piezoelectric polarization aligned with a
growth direction.

In another form, the region comprising the gradient in
strain within the contact layer comprises a thickness from
greater than 0 nm to less than 20 nm.

In another form, the metal layer comprises one or more of
Ni, Os, Se, Pt, Pd, Ir, W, Au, and alloys thereof.

In another form, the metal layer comprises one or more of
Ba, Na, Cs, Nd and alloys thereof.

In another form, the semiconductor device is an optoelec-
tronic device with wavelengths ranging from infra-red to
deep-ultraviolet, a light emitting diode, a laser diode, a
photodetector, a solar cell, a high-power diode, a high-power
transistor, a transducer, or a high electron mobility transistor.

Throughout the specification and the claims that follow,
unless the context requires otherwise, the words “comprise”
and “include” and variations such as “comprising” and
“including” will be understood to imply the inclusion of a
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stated integer or group of integers, but not the exclusion of
any other integer or group of integers.

Unless otherwise defined, all terms used in the present
disclosure, including technical and scientific terms, have the
meaning as commonly understood by one of ordinary skill
in the art. By means of further guidance, term definitions are
included to better appreciate the teaching of the present
disclosure.

As used herein, the following terms have the following
meanings:

“A”, “an”, and “the” as used herein refers to both singular
and plural referents unless the context clearly dictates oth-
erwise. By way of example, “a metal oxide” refers to one or
more than one metal oxide.

“About” as used herein referring to a measurable value
such as a parameter, an amount, a temporal duration, and the
like, is meant to encompass variations of +/-20% or less,
preferably +/-10% or less, more preferably +1-5% or less,
even more preferably +/-1% or less, and still more prefer-
ably +/-0.1% or less of and from the specified value, in so
far such variations are appropriate to perform in the dis-
closed embodiments. However, it is to be understood that the
value to which the modifier “about” refers is itself also
specifically disclosed.

The expression “% by weight” (weight percent), here and
throughout the description unless otherwise defined, refers
to the relative weight of the respective component based on
the overall weight of the formulation or element referred to.

The recitation of numerical ranges by endpoints includes
all numbers and fractions subsumed within that range, as
well as the recited endpoints, except where otherwise explic-
itly stated by disclaimer and the like.

The reference to any prior art in this specification is not,
and should not be taken as, an acknowledgement of any
form of suggestion that such prior art forms part of the
common general knowledge.

Reference has been made to embodiments of the disclosed
invention. Each example has been provided by way of
explanation of the present technology, not as a limitation of
the present technology. In fact, while the specification has
been described in detail with respect to specific embodi-
ments of the invention, it will be appreciated that those
skilled in the art, upon attaining an understanding of the
foregoing, may readily conceive of alterations to, variations
of, and equivalents to these embodiments. For instance,
features illustrated or described as part of one embodiment
may be used with another embodiment to yield a still further
embodiment. Thus, it is intended that the present subject
matter covers all such modifications and variations within
the scope of the appended claims and their equivalents.
These and other modifications and variations to the present
invention may be practiced by those of ordinary skill in the
art, without departing from the scope of the present inven-
tion, which is more particularly set forth in the appended
claims. Furthermore, those of ordinary skill in the art will
appreciate that the foregoing description is by way of
example only, and is not intended to limit the invention.

What is claimed is:

1. A semiconductor structure comprising:

a first region comprising a first epitaxial oxide material;

a second region comprising a second epitaxial oxide
material; and

a chirp layer located between the first and the second
regions, comprising alternating layers of a plurality of
wide bandgap epitaxial oxide material layers (WBG
layers) and a plurality of narrow bandgap epitaxial
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oxide material layers (NBG layers), wherein thick-
nesses of the NBG layers and the WBG layers change
throughout the chirp layer,

wherein the WBG layers comprise (Al,,Ga,_,,),,0,,,

wherein x1 is from O to 1, wherein y1 is from 1 to 3,
and wherein 71 is from 2 to 4, and the NBG layers
comprise (Al,,Ga,_,),,0,,, wherein x2 is from 0 to 1,
wherein y2 is from 1 to 3, and wherein z2 is from 2 to
4, and wherein x1 and x2 have values that are different
from one another by an amount from 0.1 to 1.

2. The semiconductor structure of claim 1, wherein each
of the first and second regions comprises a polar material,
and wherein there are no abrupt changes in polarization at
interfaces between each region.

3. The semiconductor structure of claim 1, wherein the
first epitaxial oxide material comprises (Al,;Ga,_,3),30,5,
wherein x3 is from 0 to 1, wherein y3 is from 1 to 3, wherein
73 is from 2 to 4, and wherein the second epitaxial oxide
material comprises (Al ,Ga,_,4),,0,,, wherein x4 is from 0
to 1, wherein y4 is from 1 to 3, wherein z4 is from 2 to 4.

4. The semiconductor structure of claim 1, wherein the
first epitaxial oxide material comprises NiO.

5. The semiconductor structure of claim 1, wherein the
first epitaxial oxide material comprises (Mg, ,Zn, ...,
(AL, Ga, . )o0_yO3_5,, Wherein Osxa<l, Osya<l and
O=za<l; MgAl,O,; or ZnGa,0,.

6. The semiconductor structure of claim 1, wherein the
first epitaxial oxide material comprises (Mg, ,Ni,_.,).,
(Al,Ga,_p)o1 )O3 5., Wherein Osxbsl, Osyb=l and
O=<zb=<l; or (Mg, .Zn,Ni, (Al Ga,_,),0, wherein
O=xc=l, O=<yc=l.

7. The semiconductor structure of claim 1, wherein the
first epitaxial oxide material comprises (Al Ga;_..)»
(Si,,Ge,_, )Os wherein Osxd=1 and Oszd=<l.

8. The semiconductor structure of claim 1, wherein the
first epitaxial oxide material comprises (Al Ga,_,.),Li0,
wherein Osxesl.

9. The semiconductor structure of claim 1, wherein the
first epitaxial oxide material comprises
Mg Zn, .. ,Ni ),GeO, wherein O=xf=1, O<yf=l.

10. The semiconductor structure of claim 1, wherein the
first and/or the second region is strained.

11. An optoelectronic semiconductor device comprising
the semiconductor structure of claim 1, wherein the opto-
electronic semiconductor device is a light emitting diode
(LED) that emits light with a wavelength from 150 nm to
280 nm, or a laser that emits light with a wavelength from
150 nm to 280 nm.

12. A semiconductor structure comprising:

a first region comprising a first epitaxial oxide layer;

a second region comprising a second epitaxial oxide

layer; and

a chirp layer between the first region and the second

region, comprising:

a plurality of third epitaxial oxide layers comprising
(Al 3Ga,_,3),50,,, wherein x3 is from 0 to 1, y3 is
from 1 to 3, and Zz3 is from 2 to 4; and

a plurality of fourth epitaxial oxide layers comprising
(AlL,Ga;_,4),40,,, wherein x4 is from 0 to 1, y4 is
from 1 to 3, and z4 is from 2 to 4,

wherein thicknesses of the plurality of the third epi-
taxial oxide layers, or thicknesses of the plurality of
the fourth epitaxial oxide layers, or thicknesses of
both the pluralities of the third and the fourth epi-
taxial oxide layers, change throughout the chirp
layer.

- yc—xc)
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13. The semiconductor structure of claim 12, wherein the
first epitaxial oxide layer comprises (Al,Ga,_.,),,0,,
wherein x1 is from O to 1, y1 is from 1 to 3, and z1 is from
2 to 4.

14. The semiconductor structure of claim 12, wherein the
first epitaxial oxide layer comprises NiO.

15. The semiconductor structure of claim 12, wherein the
first epitaxial oxide layer comprises (Mg, Zn; ).,
(AL, Ga, )50 0035, wherein Osxasl, Osya=<l and
O=zax<l; MgAlL,O,; or ZnGa,O,.

16. The semiconductor structure of claim 12, wherein the
first epitaxial oxide layer comprises (Mg, ,Ni,_.,).,
(AL,Ga,_4)o01_.O5_5., wherein O=xbs=l, Osyb<l and
O<zb<l; or Mg, Zn Ni, . )NAl _Ga,_ ),0, wherein
O=xc=l, O<yc=l.

17. The semiconductor structure of claim 12, wherein the
first epitaxial oxide layer comprises (Al Ga;_..)»
(81,,Ge,_,,)O5 wherein O<xd=<1 and O=zd=<l.

18. The semiconductor structure of claim 12, wherein the
first epitaxial oxide layer comprises (Al Ga,_,),Li0,
wherein O=xexl.

19. The semiconductor structure of claim 12, wherein the
first epitaxial oxide layer comprises
Mg, Zn, ., Ni J),GeO, wherein O=xf=1, O<yf=1.

20. The semiconductor structure of claim 12, wherein
values of overlap integrals between different electron wave-
functions in a conduction band of the chirp layer are less
than 0.05 for intersubband transition energies greater than
1.0 eV, when the semiconductor structure is biased at an
operating potential.

21. The semiconductor structure of claim 12, wherein
values of overlaps between electron wavefunctions and
barrier centers in a conduction band of the chirp layer are
less than 0.3 nm™', when the semiconductor structure is
biased at an operating potential.
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22. The semiconductor structure of claim 12, wherein the
thicknesses of the plurality of the third and/or the fourth
epitaxial oxide layers change monotonically throughout the
chirp layer.

23. The semiconductor structure of claim 12, wherein the
first region further comprises a first superlattice comprising:

a plurality of the first epitaxial oxide layers; and

a plurality of fifth epitaxial oxide layers.

24. The semiconductor structure of claim 23, wherein the
plurality of first, fifth, third and/or fourth epitaxial oxide
layers is strained.

25. The semiconductor structure of claim 23, wherein the
plurality of the first epitaxial oxide layers comprises
(Alleal_xl)lezl, wherein x1 is from O to 1, y1 is from 1
to 3, and z1 is from 2 to 4, and wherein the plurality of fifth
epitaxial oxide layers comprises (Al ,Ga,_,,),,0,,, wherein
x2 is from 0 to 1, y2 is from 1 to 3, and 72 is from 2 to 4.

26. The semiconductor structure of claim 23, wherein the
first superlattice comprises a first effective bandgap, wherein
the second epitaxial oxide layer comprises a second band-
gap, and wherein the first effective bandgap and the second
bandgap are from 3.0 eV to 9.0 eV.

27. The semiconductor structure of claim 23, wherein the
second region further comprises:

a plurality of the second epitaxial oxide layers; and

a plurality of sixth epitaxial oxide layers.

28. The semiconductor structure of claim 27, wherein the
plurality of second and/or sixth epitaxial oxide semiconduc-
tor layers is strained.

29. A semiconductor device comprising the semiconduc-
tor structure of claim 12, wherein the semiconductor device
is a light emitting diode (LED), a short wavelength LED, a
UV-C LED, a UV-A LED, a bipolar junction transistor, a
power transistor, a vertical field-effect transistor (FET), or a
semiconductor laser.



